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INTRODUCTION 
Since the discovery of chemoautotrophism by Winogradsky 
in 1887 the study of chemo auto trophic organisms has been an 
interesting, although controversial subject in comparative 
physiology, bacteriology, and biochemistry. 
Thlobaclllus thiooxidans. because of its strictly chemo-
autotrophic nature and its ability to live in a more acid 
environment than any other organism known, has been studied 
by many workers, but their results are suggestive rather than 
confirmative in the light of accumulated knowledge in modern 
science. Difficulty in obtaining a large amount of cell sub­
stance often prevented a detailed enzymic study of this 
organism. 
Recent developments in biochemical techniques, such as 
isotopic tracer technique and chromatography, have enabled 
investigators to establish a basic mechanism of photosyn­
thesis. Their extreme sensitivities in the measurement of 
biochemical reactions suggested a possibility of their 
application to the study of ch emo au to trophy. 
The present investigation was undertaken to better under­
stand the metabolism of T. thlooxldans, mainly its carbon 
dioxide fixation, using radioactive carbon 14. This organism, 
being an autotroph, synthesizes all the organic cell com­
ponents from carbon dioxide and inorganic materials using the 
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energy of sulfur oxidation. Thus the study of carbon dioxide 
fixation is related to all other aspects of the physiology of 
the organism and the investigation was extended to include 
those aspects. 
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REVIEW OP LITERATURE 
The present discussion will deal with the literature on 
the metabolism of Thiobacillus thiooxidans. including the per­
tinent literature on the metabolism of other members of the 
genus Thiobacillus. Some aspects of the fixation of carbon 
dioxide by other organisms will also be included. The early 
work on T. thiooxidans was reviewed by Bell (1954). For a 
complete review of the work on the thiobacilli the reader 
should consult Baalsrud (1954), Lees (1955), and Vishniac and 
Santer (195?). The various mechanisms of carbon dioxide fixa­
tion have been recently discussed by Vishniac et al. (1957). 
General Physiology of Thiobacillus thiooxidans 
Waksman and Joffe (1922) isolated an organism from com­
posts of soil, sulfur, and rock phosphate. The organism 
oxidized elemental sulfur to sulfuric acid, and derived the 
carbon from the atmospheric carbon dioxide and the nitrogen 
from inorganic nitrogen salts, therefore it was a strict auto­
troph . The organism produced a lower pH from the oxidation of 
sulfur, and continued to live in a more acid medium than any 
other organism reported. The hydrogen-ion concentration 
reached a pH. 0.6 or less. The growth in the strongly acid 
condition differentiated this organism, named Thiobacillus 
thiooxidans, from Thiobacillus thioparus and Thiobacillus 
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dénitrifleans, both of which preferred a neutral environment. 
Thiosulfate was oxidized more slowly than elemental sul­
fur, another characteristic which distinguished this organism 
from other members of the genus Thiobacillus » These workers 
reported that hydrogen sulfide and sulfide were not utilized 
by the organism. The optimum temperature for growth was 
28-30°C. and the optimum pH was 2.0-2.8. 
Waksman (1922) succeeded in developing a suitable solid 
medium for the cultivation of T* thiooxidans, which contained 
thiosulfate as the energy source and agar as the solidifying 
agent. 
Waksman and Starkey (1922) demonstrated the requirement 
of COg for the growth of this organism. No growth occurred 
in COg-free atmosphere. With acid formation as an index of 
sulfur oxidation, nitrates were found inhibitory. Peptone 
had a slightly inhibitory effect also, while amino acids and 
acid amides were less inhibitory. Cyanides were the strongest 
inhibitors and repressed sulfur oxidation completely at 0.0004 
M. Glucose had no effect at a concentration of one per cent. 
The ratio between sulfur oxidized and carbon assimilated was 
shown to be 32 and the efficiency of energy utilization was 
calculated as 6.5 per cent, compared to 5 per cent for the 
nitrate and nitrite bacteria. 
Waksman and Starkey ( 1923) extended their work on the 
physiology of T. thiooxidans, and showed the inability of 
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glucose to replace COg as the carbon source. Sulfuric acid 
became inhibitory to the oxidation of sulfur at concentrations 
of 0-2-0.5 M, but the organism could produce as much as 1.5 M 
acid, without being destroyed. 
Starkey (1925a) found tolerance of the organism to high 
concentrations of primary potassium phosphate. While rhombic, 
amorphous, and precipitated sulfur were all rapidly oxidized, 
the last form was most rapidly oxidized, probably due to the 
larger surface area. The organism was found to be sensitive 
to desiccation and died out readily in the absence of moisture. 
Three per cent sodium thiosulfate supported a good growth of 
T. thiooxidans. but 10 per cent of this salt was inhibitory. 
The carbon and nitrogen nutrition of the organism was 
investigated by the same worker (Starkey, 1925b). He showed 
the disappearance of added glucose from the sulfur medium 
when incubated with this organism. There was a correlation 
between the amount of glucose disappearing and the amount of 
sulfuric acid formed, which was in turn proportional to 
growth. He concluded that glucose probably entered the cells 
in the presence of sulfur as a source of energy or carbon, or 
both. Concerning the nitrogen nutrition, the ammonium ion was 
the only source available to the organism. Nitrate wa.s toxic 
and urea was not utilised. 
Vogler et. al. (1942) started a series of investigations 
on the metabolism of T. thiooxidans. The pH of the medium did 
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not influence the oxygen uptake in the range of pH 2-4.8, once 
contact between the bacterial cells and sulfur particles was 
established by preincubation for several hours. It did influ­
ence, however, the rate of such contact. Above pH 5 there 
was a marked inhibition of sulfur oxidation. 
Most organic compounds had no effect on either sulfur 
oxidation or respiration in the absence of sulfur. However, 
pyruvic, succinic, fumaric, malic, and oxalacetic acids stimu­
lated respiration in the absence of sulfur to a slight degree, 
suggesting the presence of a citric acid cycle. None of the 
organic compounds could replace sulfur as a source of energy 
for growth. Vogler et al. also studied the influence of a 
number of inhibitors on sulfur oxidation, endogenous respira­
tion, and growth. The light-reversible inhibition of sulfur 
oxidation by cyanide and carbon monoxide was interpreted by 
these workers as evidence for the participation of iron-
containing systems similar to cytochrome. 
This last statement, however, is not in accordance with 
recent work by Polish workers, Szczepkowski and Skarzynski 
(1952), who were not able to demonstrate either cytochrome 
or cytochrome oxidase or peroxidase in T, thiooxidans. They 
showed, however, in T. thioparus. the presence of cytochrome 
oxidase, one cytochrome, catalase, and peroxidase. Catalase 
was present in T. thiooxidans in lower concentration than T. 
thioparus. The cytochrome of T. thioparus was later found to 
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be a new variety and called cytochrome s ( from sulfur) by 
Skarzynski et al. (IS56). 
Organic Cell Constituents 
Many attempts have been made to correlate the metabolism 
of autotrophic organisms with that of heterotrophic organisms. 
Vogler (1942a) showed the presence of an endogenous 
respiration in T. thiooxidans. Cell suspensions, which had 
been carefully washed and aerated, still showed an oxygen up­
take and carbon dioxide production, with a respiratory quotient 
of approximately 1.0. He considered this observation as evi­
dence that the organism, in the absence of sulfur, broke down 
organic materials previously synthesized, to furnish energy 
for the maintenance of the cell. He was able to differentiate 
the endogenous respiration from that on sulfur by means of 
sodium azide, which inhibited sulfur oxidation, but not the 
endogenous respiration. 
LePage (1942) investigated the nature of storage mate­
rials responsible for the endogenous respiration of T. thio­
oxidans . He found that the drop in polysaccharide content of 
the cells could account for all the carbon dioxide produced 
during the endogenous respiration. The polysaccharide was 
purified and shown to be more resistant to acid hydrolysis 
than glycogen, consisting mainly of glucose and mannose. 
0: Kane ( 1942) reported the presence of growth factors in 
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the cells of T. thiooxidans. Nicotinic acid, pantothenic 
acid, bio tin, riboflavin, thiamine, and pyridoxine were found 
in the cells of the organism. None of these substances. how­
ever, alone or in combination, stimulated growth. More re­
cently Ostrowski et al. (1954) added pteroylglutamic acid to 
the above list of growth factors present in this organism. 
Rittenberg and Grady (1950) were able to obtain induced 
mutants of T. thiooxidans by ultraviolet irradiation. Those 
mutants grew only after the addition of yeast extract to the 
thiosulfate medium. Although all the mutants reverted before 
their deficiency could be determined, they concluded that syn­
thesis of one or more B-vitamins" was involved. 
A fractionation of phosphorylated compounds present in 
the cells was carried out by LePage and Umbreit (1943a), using 
the classical barium acetate method. They reported the pres­
ence of adenosine triphosphate (ATP), glucose-6-phosphate, 
glucose-l-phosphate, fructose-6-phosphate, phosphoglyceric 
acid, and diphosphopyridine nucleotide. A high content of 
ATP reported by these workers, however, was probably due to 
the presence of large amount of inorganic polyphosphate in 
that fraction as shown by Barker and Romberg (1954). 
The number of organic cell components found in this 
organism was increased recently by Frantz els al. (1952), who 
isolated 17 totally labeled common amino acids from protein 
hydrolyzates of T. thiooxidans. which had been grown in the 
9 
presence of C^Og. 
All these works demonstrated a similarity of autotrophic 
metabolism to heterotrophic metabolism. LePage and Umbreit 
(1943b), however, claimed the occurrence of adenosine-31-
triphosphate (3'-ATP) in T. thiooxidans. instead of the usual 
adenosine-5'-triphosphate (5'-ATP). A recent reinvestigation 
by Barker and Kornberg (1954) by means of chromatography and 
specific enzymes, revealed the presence of only 5'-ATP. 
Oxidation of Sulfur Compounds 
Mechanism of sulfur oxidation is one of the least solved 
fields in biochemistry. In spite of many interesting results 
obtained on the oxidation of sulfur compounds by T, thio­
oxidans. the enzymic systems responsible for the oxidation are 
totally unknown. 
In his study on the formation of sulfide from elemental 
sulfur by sulfur bacteria, Starkey (1937) observed that T. 
thiooxidans. as well as T, thioparus. various heterotrophic 
bacteria, actinomycetes, and filamentous fungi, evolved small 
amounts of hydrogen sulfide from sulfur. He suggested that 
sulfide was formed from sulfur by sulfhydryl groups present 
in the cells, through a mechanism similar to that proposed by 
Sluiter (1930). Sluiter showed a reduction of elemental sul­
fur by reduced glutathione (G-SH), forming hydrogen sulfide and 
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oxidized glutathione (GSSG-), according to the equation: 
S + 2 GSH > HgS + GSSG 
Starkey, however, considered unlikely that elemental sulfur 
undergoes reduction preceding its entrance into the cell of 
T. thiooxidans. He thought the energy required to synthesize 
these organic sulfhydryl compounds would be greater than the 
energy the bacterium could obtain from oxidation of HgS to 
sulfate. 
The new synthesis of these organic compounds from COg 
will not be necessary, if the organism can reduce the oxidized 
sulfhydryl compounds„ Reduction of oxidized glutathione by a 
reduced triphosphopyridine nucleotide ( TPNH)-linked reductase 
may supply such a mechanism. This enzyme, glutathione reduc­
tase, was found in yeast ( Meldrum and Tarr, 1935; Racker, 
1955a), plant tissues (Mapson and Goddard* IS51; Conn and 
Vennesland, 1951), mammalian tissues (Rail and Lehninger, 
1952; Racker, 1955a), and Escherichia coll (Asnis, 1955). 
Oxidized glutathione is reduced according to the equation: 
TPNH + GSSG + H+ TPN+ > 2 GSH 
The presence of this enzyme in chemoautotrophic bacteria has 
never been reported. 
Vogler and Umbreit (1941) investigated the mechanism of 
incorporation of sulfur inside the cells of T. thiooxidans. 
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They confirmed the direct relationship between sulfur oxida­
tion and the surface area of sulfur particles. They also 
showed the necessity for direct contact between sulfur par­
ticles and bacterial cells, using a dialyzing membrane. In 
the following paper the Wisconsin group reported the import­
ance of fat globules located at the ends of the cells in the 
oxidation of sulfur (Umbreit et_ al., 1942). They concluded 
that during sulfur oxidation these globules were attached to 
sulfur particles and dissolved them to be taken into the cells 
for oxidation. Umbreit and Anderson (1942), however, failed 
to confirm the presence of dipolar fat globules, using an 
electron microscope. Knaysi (1943) was unable to show the 
presence of fat globules and suggested that the dipolar 
globules .claimed as fat globules by Umbreit et al. were large 
vacuoles containing volutin or volutin and sulfur. The proto­
plasm was surrounded by a cell-wall and a capsule, potential 
barriers for a direct contact of cell and sulfur. The direct 
contact theory of Umbreit et. al. is discredited also by 
Starkey et. al. (1956), who observed a more rapid oxidation of 
sulfur in shaking culture than in stationary one. 
Vishniac (1952) reported a good growth of T. thiooxidans 
as well as T. thioparus with tetrathionate. Parker and Prisk 
(1953) investigated the oxidation of various sulfur compounds 
by several thiobacilli. Their results indicated that T. thio­
oxidans oxidized thiosulfate first to sulfate and tetra-
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thionate, which was further oxidized to sulfate. They could 
not, nowever, show any growth or oxidation when tetrathionate 
was incubated with the cells as the only sulfur compound. 
Sulfur was converted to sulfuric acid without any intermediate 
formation. They also established the ability of T. thio­
oxidans to oxidize hydrogen sulfide to sulfuric acid, with 
elemental sulfur as a possible intermediate. Inability to 
show the oxidation of tetrathionate by these workers may have 
been due to their failure to add Fe+"r and Mn++ ions to the 
growth medium (Vishniac and Santer, 1957). 
Energy Transfer and Carbon Dioxide Fixation 
The problem of energy transfer has been one of the most 
controversial aspects of the physiology of T. thiooxidans. 
This organism oxidizes sulfur compounds and utilizes the 
energy of oxidation for the synthesis of organic cell compo­
nents from COg and inorganic salts. The mechanism for the 
transfer of the energy of oxidation to the biosynthesis of 
organic compounds has been studied by many workers, but, at 
present, the situation is far from solution. 
Vogler (1942b) studied the nature of chemo auto trophy and 
reported that T. thiooxidans could fix a limited amount of 
carbon dioxide in the absence of sulfur or under anaerobiosia. 
The organism was also able to oxidize sulfur in the absence 
of COg and to release later the energy of oxidation for the 
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fixation of COg in the absence of sulfur. 
Vogler and Umbreit (1942) extended the investigation to 
the energy reservoir, which was claimed to be formed during 
sulfur oxidation and later used for COg fixation. They con­
cluded that the energy of sulfur oxidation was stored in the 
cell as phosphate bond energy, and COg fixation was coupled 
with phosphate release. In their experiments the amount of 
orthophosphate taken up during the oxidation of sulfur in the 
absence of COg was quantitatively related to the amount of COg 
later fixed in the absence of sulfur oxidation. 
Baalsrud and Baalsrud (1952) confirmed the uptake of 
phosphate during sulfur oxidation, but the amount was far 
short of that reported by the Wisconsin group. Furthermore, 
they were unable to find COg fixation separated in time from 
sulfur oxidation. 
More recently Umbreit ( 1954) has repeated his experiments 
using C^Og and P3^ 04~, and confirmed his previous results. 
He found the formation of labile phosphate within the cell 
during sulfur oxidation, which was released later when COg 
was supplied. Carbon dioxide fixed was proportional to the 
sulfur oxidized. He pointed out that Baalsrud and Baalsrud 
had used thiosulfate instead of sulfur, and also different 
strains of T. thiooxidans. 
Newbuigti (1954), using C140g and P3204 , reported that 
phosphate was taken up by the cell only in the presence of 
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Og, COg, and sulfur. A small amount of C140g fixation 
occurred in the absence of sulfur oxidation, regardless of 
whether sulfur oxidation had proceeded exposure to COg or not. 
The difference between the two conditions was so small that 
the author suggested that the oxidation of sulfur in the ab­
sence of COg had little influence on the capacity of T. thio­
oxidans for delayed fixation of COg. He could not find any 
release of inorganic phosphate during the delayed fixation. 
Only in the presence of both Og and sulfur, there was a 
rapid fixation of COg. 
These confusing data are probably due to the use of dif­
ferent strains, different methods, and different conditions 
by the workers approaching the problem. As a whole, however, 
the original claim by the Wisconsin group that the energy of 
sulfur oxidation is stored in the cell as energy-rich phos­
phate bonds and is later used for COg fixation, is theoretic­
ally reasonable from the present knowledge of the mechanisms 
of energy transfer and of COg fixation in biological systems. 
It is possible that the polyphosphate found by Barker 
and Romberg (1954) is the form of energy-rich phosphate used 
by the organism to store the energy of sulfur oxidation. An 
enzyme recently demonstrated by Romberg ( 1957) in E. coli, 
which catalyzes the formation of ATP from adenosine diphos­
phate and polyphosphate, may play a role in releasing the 
stored energy. 
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Mechanism of Carbon Dioxide Fixation 
The ability of autotrophic organisms to fix COg had been 
well known for a long time, but the study of its mechanism 
was started only after the first demonstration of COg fixa­
tion by heterotrophic organisms (Wood and Werkman, 1935) had 
renewed interest in autotrophic fixation of COg. The Cali­
fornien group lead by Calvin used a newly available C14 to 
follow the path of COg fixation by photosynthetic algae, and 
applied modern techniques, such as chromatography and radio-
autography, to determine the labeled products formed. Phos-
phoglyceric acid labeled in the carboxyl group was found to 
be the earliest stable product in the C^Og fixation experi­
ments (Calvin and Benson, 1948 ; Bas sham et. al., 1950; Benson 
et al. , 1950). This discovery was confirmed by Fager et_ al. 
(1950). Calvin and Massini (1952) and later Bas sham et_ al. 
(1954) suggested ribulose-1„5-diphosphate as the COg acceptor 
from the kinetic data and the distribution of radioactivity 
in the intermediate sugars. An enzyme was found in extracts 
of Chlore 11 a ( Quay le et. al., 1954) and spinach (Weissbach and 
Horecker, 1955; Weissbach et_ al., 1956), which carboxylates 
ribulose-1,5-diphosphate to form phosphoglyceric acid. In 
the presence of C^Og the radioactivity was found solely in 
the carboxyl group of phosphoglyceric acid. 
The formation of ribulose-1,5-diphosphate from ribulo se-
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5-phosphate and ATP, was shown to be catalyzed by an enzyme, 
pho sphoribulokin as e (Hurwitz et al., 1956). In the presence 
of phosphor!bolsomerase, ribose-5-phosphate could replace 
ribulo se- 5-pho sphate. 
Phosphoglyceric sold is converted to hexose mainly by 
the reversal of the classical Emb d en-M e y erho f pathway. Phos­
pho glyceric acid is first reduced to triose phosphate, which 
is then converted to hexose diphosphate by aldolase. Hexose 
monophosphate is formed by dephosphorylation of hexose diphos-
phat e. 
Pentose phosphates are regenerated by the action of trans-
ketolase and transaldolase. Transketolase has been purified 
by Horecker et a]^. ( 1953) from liver and spinach, and crystal­
lized by de la Haba et al. (1955) from yeast. The enzyme 
transfers "active glycolaldehyde" groups from the substrates, 
such as sedoheptulose-7-phosphate (Horecker et al., 1953), 
xylulose-5-pho sphate (Srere et al., 1955; Horecker et al., 
1956), and fructose-6-phosphate (Racker et. al., 1954) . The 
reversible conversion of ribulo se-5-pho sph at e to xylulose-5-
phosphate is catalyzed by phosphoketopentoepimerase ( Srere 
et al., 1955; Horecker et, al., 1956). G-lyceraldehyde-3-
phosphate, erythrose-4-phosphate, and ribo s e-5-pho sph at e can 
act as acceptors for the active glycolaldehyde in transketo­
lase reactions. Transaldolase catalyzes the reversible trans­
fer of the dihydroxyacetone group, with either fructose-6-
17 
phosphate or s e do hep tulo s e- 7-pho sph at e as substrate and 
erythrose-4-phosphate or glyceraldehyde-3-phosphate as accept­
or. This enzyme has been purified from brewer's yeast by 
Horecker and Smyrniotis (1955) and Torula by Racker (1955b). 
Spinach leaves also contained a very active transaldolase 
(Horecker and Smyrniotis, 1955). 
By the combination of transketola.se (TK) and transaldo­
lase (TA), two moles of fructose-6-phosphate (F-6-P) and one 
mole of glyceraldehyde-3-phosphate (Ga-3-P) can be converted 
to two moles of xylulose-5-phosphate (Xu-5-P) and one mole of 
ri bo s e-5-pho sph ate (R-5-P), through the intermediary formation 
of erythrose-4-phosphate (E-4-P) and sedoheptulose-7-phosphate 
( S-7-P ) according to the following equations (Vishniac et al., 
1957), 
TK jT— 6— F -h (r£L—3—P s > g-4-P 4- Xu,— 5—P 
F-6-P + E-4-P , a'A- S-7-P + Ga-3-P 
TK S-7-P + Ga-3-P Xu-5-P + R-5-P 
2 F— 6—P + Ga— 3—P \ — 2 Xu—5—P + R— 5—P 
Carbon dioxide fixation by chemoautotrophic bacteria has 
not been studied until recently. Santer and Vishniac (1955) 
reported the incorporation of radio active COg into the car­
boxyl group of phosphoglyceric acid in the presence of 
alumina-ground extracts of T. thioparus and ribulo s e diphos­
phate. Trudinger (1955) also observed the same phenomenon 
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with extracts of T. denitrificans and ri bo s e-5-pho sph at e plus 
ATP. In extending his work, Trudinger (1956) further demon­
strated the presence in the extracts of 3-phosphoglycerokina.se, 
glyceraidehyde-3-phosphate dehydrogenase, triosephosphate 
isomera.se, aldolase, hexose diphosphatase, and the ability to 
synthesize hexose phosphates from phosphoglyeerie acid, ATP, 
and reduced diphosphopyridine nucleotide. The presence of 
transketols.se and transaldolase was also indicated. The 
author concluded that T. denitrificans is capable of synthe­
sizing hexose phosphates from carbon dioxide by a cyclic 
mechanism similar to that found in green plants. 
Aubert et al. (1956) incubated the whole cells of T. 
denitrificans with C^Og for short periods and determined 
the labeled products. After 10 seconds the radioactivity was 
found only in 3-pho spho glyceric acid, hexose phosphates, 
sedoheptulose phosphates, ribulose diphosphate, and aspartic 
acid. The radioactivity was distributed in 20 compounds after 
5 minutes' incubation. A kinetic analysis of the data showed 
3-phosphoglyceric acid as the first intermediate in the COg 
fixation. Milhaud et al. (1956) found that the distribution 
of radioactivity in the phosphate esters was very similar to 
the one observed in Chlorelia and concluded the similarity 
of the COg fixation process to that of photosynthesis. Suzuki 
and Werkman (1958a) reported a rapid incorporation of C^Og 
into the carboxyl group of pho sphoglyc eric acid by whole cells 
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of T. thiooxidans. 
The discussion so far has dealt with the formation of 
phosphoglyceric acid, Another important pathway of COg 
fixation, the so-called Wood-Werkman reaction (Wood and 
Werkman, 1938), has long been considered as a key reaction in 
the tricarboxylic acid cycle, and hence for the formation of 
many amino acids. An enzyme or enzymes responsible for the 
reaction, i.e., the formation of oxalacetic acid from pyruvic 
acid and COg, have not been purified until recently. 
Utter and his coworkers demonstrated in chicken livers 
the presence of oxalacetic carboxylase, which catalyzed the 
following reversible reaction (Utter and Kurahashi, 1953; 
Utter and Kurahashi, 1954a; Utter et al., 1954; Utter and 
Kurahashi, 1954b), where ITP is inosine triphosphate and IDP 
is inosine diphosphate. In the presence of nucleoside 
Oxalacetate + ITPv - Pho spho enolpyruvat e -t- COg + IDP 
diphosphokinase, ATP could replace ITP. In highly purified 
preparations, however, only ITP and guano sine triphosphate 
were active (Kurahashi et al., 1957) » Bandurski and Lip man 
(1956) isolated the same enzyme from the mitochondria of lamb 
liver. It was active with ITP, and crystalline ATP was com­
pletely inactive. 
Bandurski and G-reiner (1953) found in spinach leaves 
an enzyme, which synthesized oxalacetate from phosphoenol-
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pyruvate (PEP) and COg according to the following irreversible 
reaction. 
PEP + COg > Oxalacetate + Orthophosphate 
The enzyme was partially purified by Bandurski (1955) and 
was definitely proved to be different from oxalacetic carboxy­
lase found by Utter and his coworkers. The former enzyme, 
phospnoenolpyruvic carboxylase (PEP carboxylase), neither re­
quired nucleotides as phosphate acceptor nor catalyzed the 
formation of PEP from oxalacetate and ITP. 
Tchen and Vennesland (1955) found both PEP carboxylase 
and oxalacetic carboxylase in wheat germ extracts. They 
pointed out a low requirement for COg concentration by the 
former enzyme and suggested its possible role in dicarboxylic 
acid accumulation in plant tissues at a low COg tension, 
walker (195?) investigated the enzymic nature of the for­
mation of malate in succulent plants, and suggested that PEP 
carboxylase and malic dehydrogenase were responsible for the 
synthesis. Walker and Brown ( 1957) showed that the optimum 
COg concentration of PEP carboxylase was very low, and, in 
fact, high concentrations of COg inhibited the reaction non­
competitive^. 
PEP carboxylase has also been found in T. thiooxidans 
(Suzuki and Werkman, 1957) . The low COg tension requirement 
shows its similarity to PEP carboxylase in plants. 
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MATERIALS AND METHODS 
Organism and Medium 
The organism used in this investigation was Thiobac-lllus 
thiooxidans No. 8085 and was obtained from the American Type 
Culture Collection. It was grown in Fernbach flasks as de­
scribed by Bell (1954). Each flask contained 700 ml. Starkey1s 
medium (1925a), having the following composition: 0.3 g. 
(NH4)2S04j 3.5 g. KH2P04, 0.5 g. MgS04* 7HgO, 0.25 g. CaClg, 
0.02 g. FeS04*7HgO, 10 g. powdered sulfur, and 1,000 ml. 
distilled water. The pH of the medium was 4.5. Sulfur was 
sterilized separately by steaming at 105°C. for at least 6 
hours and was spread on the surface of a culture after inocu­
lation. The inoculation was made with two per cent (v/v) of 
an active culture. The flasks were incubated for seven to ten 
days at 30°C. 
At the end of incubation period, sulfur was removed by 
filtration through Whatman No. 1 filter paper under suction. 
The pH of medium usually dropped to 1.5. It was adjusted 
to pH 3 with a saturated solution of sodium hydroxide before 
centrifugation. 
The cells were then harvested in a Sharpies centrifuge 
and washed twice with distilled water. The yield was about 
5 g. wet cells/20 1. of medium. 
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Cell-free Extracts 
The washed cells were resistant to breakage by sonic 
oscillation when suspended in distilled water or in a buffer 
of pH 5 or 7. They were also resistant to destruction by 
grinding with alumina or powdered glass. 
When treated with a mixture of cationic and anionic 
resins previous to the sonic vibration by a modified method of 
Rotman (1956), who used resins to desalt the cells of Escher­
ichia coli, they were no longer resistant to destruction when 
suspended in a buffer of pH 7 or higher. The standard method 
for the preparation of cell-free extracts of T. thlooxidans 
was as follows: five grams of washed cells were suspended in 
20 ml. distilled water, then 5 g. of H-form of IR-120 and 5 g. 
of OH-form of IR-4B were added, and the whole mixture was 
shaken vigorously for 10 minutes. The resins were removed by 
filtration through gauze, and the treated cells were harvested 
by centrifugation. They were then suspended in 10 ml. of 0.2 
M t ri s(hydro xymethy1)amino methane (Tris) buffer of pH 7.4 and 
treated in a 9-kc. Raytheon oscillator for 30 minutes at 4°G. 
Debris was removed by centrifugation at 24,500 x a for 30 
minutes in an International refrigerated centrifuge. The 
cell-free extract thus obtained was yellowish and opalescent. 
A dialyzed preparation was obtained by dialyzing the 
above extract in a collodion bag against five 400 ml. portions 
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of 0.002 M Tris buffer of pH 7.4. The bag was connected to a 
slow-moving motor, and dialysis was carried out at 4°C. for 
12 hours. Both the dialyzed and undialyzed enzyme prepara­
tions were stored at -20°G. 
Reagents 
NaHC^Og was prepared from BaC^Og obtained from Oak 
Ridge National Laboratory according to the procedure described 
by Hug (1956). 
Sodium tetrathionate was prepared from sodium thiosulfate 
and iodine according to Meilor (1930). 
All other reagents were commercial preparations; oxal-
acetic acid, pho s pho eno lp y ru v ate (tricyclohexylamine salt), 
reduced diphosphopyridine nucleotide (DPNH), reduced triphos-
phopyridine nucleotide (TPNH), and uniformly G14-labeled glu­
cose, California Foundation for Biochemical Research; reduced 
glutathione, oxidized glutathione, triphosphopyridine nucleo­
tide (TPN), Ba salts of ribose-5-phosphate and pho spho glyceric 
acid, trisodium uridine triphosphate, and hexokinase, Nutri­
tional Biochemicals Corporation; dis odium adenosine triphos­
phate, monosodium adenosine diphosphate, and disodium inosine 
diphosphate, Pabst Laboratories; Ba salt of inosine triphos­
phate, Sigma Chemical Company; glucose-6-phosphate dehydro­
genase, General Biochemicals, Inc.; glucose-l-C14, Nuclear 
Instrument and Chemical Corporation; and periodic acid and 
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0.5 M ceric perchlorate solution in 6 M perchloric acid, G. 
Frederick Smith Chemical Company. 
Ba salts of phosphate esters were converted to the 
corresponding Na salts by the Na-form of Dowex 50 resin. 
Analytical Procedures 
Paper chromatography 
Paper and chambers. Both ascending and descending tech­
niques were used. Whatman No. 1 filter paper was used for 
most purposes. Whatman No. 3mm. paper was used when a larger 
amount of sample was applied,, For the separation of organic 
acids or phosphorylated compounds, the paper was washed with 
2 N acetic acid, rinsed thoroughly with water, and dried, 
before use. For a routine analysis, a one gallon wide-mouth 
jar was used as a chamber and the ascending technique was 
employed. Eighty per cent phenol and BABW (butanol:butyric 
acid:water = 2:2:1) were used as solvents for the two-dimen­
sional chromatography in such a jar. Tall glass cylinders 
were used for one-dimensional chromatography, both ascending 
and descending. 
Solvents. The following is a list of solvents used and 
compounds separated by each solvent. All the solvents, with 
the exception of phenol solvent and butanol saturated with 
water, were prepared fresh each time. 
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Phenol solvent (80 ml. melted distilled phenol end 20 ml. 
water) was used for the separation of amino acids, organic 
acids, sugars, and phosphorylated compounds. A good separa­
tion of phosphorylated compounds required three or four pass­
ings of the solvent. 
BABW (40 ml. n-butyric acid, 40 ml, n-butanol, and 20 ml. 
water) was used for the separation of amino acids, organic 
acids, sugars, and phosphorylated compounds. The separation 
was usually carried out by two passings and sometimes by 
three or four passings. A good separation of sugars and phos-
phorylated compounds can be accomplished by the multiple pass­
ing method. 
MeOH-water system (methanol 95 ml. and water 5 ml.) was 
effective for the separation of valine, methionine, and trypto­
phan, and also for the separation of alanine from other amino 
acids. 
t-BuOH-MeOH-water solvent (t-butanol 40 ml., methanol 50 
ml., and water 10 ml.) was used to separate phenylalanine from 
leucine and isoleucine « 
t-BuOH-EtMeKetone-water-HCOOH system (t-butanol 160 ml., 
ethylmethylketone 160 ml., water 39 ml., and formic acid 1 
ml.) separates leucine and isoleucine. 
n-Butanol, saturated with 2 N NH^OH, separates leucine 
and isoleucine more effectively than the above solvent. 
n-Butanol, saturated with water, was used with a small 
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beaker containing 0.3 per cent (w/w) NH^OH placed in the 
chamber. The separation of alanine from tyrosine was most 
effectively performed in descending technique using this sol­
vent . 
EtAc-HGOOH-water I solvent (ethylacetate 30 ml., formic 
acid 10 ml., and. water 5 ml.) was used for the separation of 
organic acids. 
E10 H-NH^OH-water solvent (95 per cent ethanol 80 ml., 
concentrated ammonium hydroxide 5 ml., and water 20 ml.) was 
also used for the effective separation of organic acids. By 
the combination of these two solvents, i.e., EtOH-NEd. OH-water 
and EtAc-HCOOH-water I, most organic acids could be separated 
and identified. 
EtAc-HCOOH-water II solvent (ethylacetate 30 ml., formic 
acid 30 ml., and water 10 ml.) was used for the separation of 
phosphorylated compounds. Chromatography was carried out at 
4°C. 
MeOH-HCOOH-water solvent (methanol 80 ml., formic acid 
15 ml., and water 5 ml.) was also used for the separation of 
phosphorylated compounds. Chromatography was carried out at 
4°C. 
MeOH-NHg-OH-water (methanol 60 ml., concentrated ammonium 
hydroxide 10 ml., and water 30 ml.) was used for pho spho ry1at-
ed compounds. Chromatography was carried, out at 4°C. 
EtAc-acetie acid-water (ethylacetate 30 ml., acetic acid 
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30 ml., water 10.) was used for the separation of phos-
phoryiated compounds. Chromatography was performed at 4°C. 
n-Butanol, saturated with 3 per cent (w/w) ammonium 
hydroxide was used for the identification of 2,4-dinitro-
phenylhyarazones of keto acids. 
Spraying reagents. The various substances on the paper 
chromatograms were located by spraying the paper with various 
specific reagents. 
Amino acids were revealed with a ninhydrin reagent. The 
reagent was made up by dissolving 100 mg. of ninhydrin in 100 
ml. of water-saturated butanol containing one per cent of 
acetic acid. After spraying, the paper was heated at 100°C. 
for 10 minutes or longer. 
Organic acids separated by an acid solvent were detected 
with a mixed acid-base indicator ( Aronoff, 1956) • The reagent 
was prepared by dissolving 0.5 g. of methyl yellow (dimethyl-
aminoazobenzene) and 1.5 g. of brom phenol blue in 200 ml. of 
9 5 per cent ethanol, and adjusting the pH to 6.3, The chroma­
tograms must be dried thoroughly before being sprayed with 
this reagent in order to prevent interference by any traces 
of acid from the solvent. The color of the acid varies from 
yellow to red on a green-blue background. 
Organic acids separated by ammonium solvents were detected 
according to Kennedy and Barker (1951). Brom phenol blue, 
50 mg. in 100 ml. of water, was made acid with 200 mg. of 
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citric acid. The spray was applied immediately after the 
paper appeared dry. The acid appeared as a blue spot on a 
yellow background. When the paper was dried too long, the ex­
posure to NHg vapor for an instant before spraying gave a good 
result. 
Pho spho rylated compounds were located according to 
Bandur-ski and Axelrod ( 1951) using an ammonium molybdate re­
agent which was prepared by mixing 5 ml. of perchloric acid 
(71 per 'cent, w/w), 25 ml. of ammonium molybdate solution 
(4 per cent, w/v), 10 ml. of 1 N HCl, and 60 ml. of water. 
The paper was sprayed lightly and heated at 75°C. for a few 
minutes, during which time the inorganic phosphate appeared as 
a yellow spot. Then the paper was exposed to ultraviolet 
light * The organic phosphate compounds appeared as blue spots 
and inorganic phosphate as a green spot. 
Sugars were located with an ammonium molybdate reagent 
according to Aronoff and Vernon (1950). To 3 ml. of conc. 
HCl 20 ml. of 10 per cent (w/v) ammonium molybdate was added, 
constantly stirring, then 5 g. of NH^Cl was added. After 
spraying, the paper was heated at 70°C. for 20 minutes. 
Sugars appeared as blue spots . The reagent was prepared 
fresh each time• 
Keto sugars were detected with an orcinol reagent 
(Kievstrand and Nordal, 1950). The reagent was prepared by 
dissolving 0.5 g. of orcinol and 15 g. of trichloroacetic acid 
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in 100 ml. of water-saturated butanol. The chromatogram was 
sprayed with this reagent and was heated at 105°C. for 20 min­
utes . Sedoheptulose gave a. bluish-green spot. Ribulose was 
brownish-gray. Fructose gave a yellow spot. Glucose and 
ribose gave no color. 
Two per cent (w/v) orcinol in 2 N HCl (Bidwell et al., 
1952) was also used to locate keto sugars and pentoses. Sedo­
heptulose was bluish-green, fructose was orange, ribulose was 
brownish-gray, and aldo pentoses were purple. Glucose was 
colorless. The last two reagents can be used for the phos-
phorylated sugars as well as the free sugars. 
Hydrolysis of phosphorylated compounds. The phosphate 
esters isolated by paper chromatography were treated with 0*1 
per cent Schwarz's Polidase at 37°C. for two days. The sur­
face of the solution was covered with toluene to prevent the 
bacterial growth. The hydrolyzed compounds, usually free 
sugars or organic acids, were further identified by paper 
chromatography. 
Elution and transfer of spots. The compounds on the 
chromatograms, located either through radioautography or 
spraying reagents, were transferred to the origins of the 
new paper chromatograms for further separation and identifica­
tion. A simple method developed by Gregory (1955) was used 
for the direct transfer. The spot on the chromatogram was 
cut in the shape of wedge and was attached to another strip 
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of filter paper by means of a basket weave. The paper strip 
was folded, and the sides were stapled together, and then was 
placed in a small beaker with a suitable eluting solvent, 
usually water. The new paper chromatogram was pieced on the 
beaker in such a. way that the pointed tip of the wedge just 
makes contact at the origin. The chromatogrsm was held in the 
position with two sheets of cardboard with a circular cut. 
An air flow was directed to the origin of the paper through 
the cut in the cardboard. The compound on the wedge was 
eluted and transferred quantitatively to the origin in this 
way. 
When only the elution was required, the spot was cut out 
from the chromatogram and was eluted with a few ml. of water 
in a small test tube. The filter paper was removed from the 
elua.te by filtration through a smsll sintered glass filter 
under suction, The eluate, when desired, was concentrated 
with a stream of air. 
Ion exchange 
Two Amberlite resins, IR-120 and IR-4B, were used to 
separate a mixture of various radioactive compounds into 
cationic, anionic, and neutral fractions, according to Claridge 
(1953). 
IR-120, a cationic exchanger, was converted to the hydro­
gen form with five per cent HCl. The resin was then washed 
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with water until neutral. 
IR-4B, 8Xi anionic ion exchanger, was converted, to the 
hydroxyl form by treating with one per cent NaOH, followed by 
washing with water until neutral. 
The two resins were placed separately in two columns, and 
the columns were arranged in series, with the cationic first. 
The solution of radioactive compounds was added to the cationic 
column, then successive aliquots of distilled water were added 
to elute neutral compounds from both columns. The cationic 
and anionic fractions held in the resins were eluted with 4 N 
NH4OH, followed by water (Rgcusen, 1953). 
Three fractions, cationic, anionic, and neutral, were con­
centrated separately under vacuum at a temperature below 35°G. 
Further concentration was accomplished by directing a stream 
of air on the solutions in test tubes. The test tubes were 
heated in a water bath in case of heat stable compounds. 
Assay of radioactivity 
Radio autography. The position of radioactive compounds 
on paper chromatograms was located by radioautography (Fink 
and Fink, 1948). Kodak No-screen medical x-ray film was 
placed on the paper in a Kodak x-ray exposure holder. Ex­
posure time was estimated by counting the activity at the 
origin of the chromatogram before development. A radio­
activity of 800 counts/minute at the origin for one compound 
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insured a well defined spot on the radiogram after 10 days of 
exposure. The paper was spotted in two to three places with 
14 India ink containing BaC 0g to facilitate exact orientation 
of the film. The exposed film was developed according to the 
recommendation of the manufacturer. 
End-window counter. Radioactivity was measured with a 
lead-shielded end-window (mica) Geiger-Muller tube (Tracerlab 
type TGC2). The window thickness was 1.4 mg. per cm^. The 
scaler was the Nuclear Instrument and Chemical Corporation 
Scaling Unit, Model 163. All counts were corrected for back­
ground. In case of BaC^Og, the counts were corrected for 
self-absorption. In most cases the counting time was selected 
so as to make the standard deviation within five per cent of 
the net count. 
Preparation of radioactive samples for counting 
Paper. The spots of radioactive compounds on paper 
chromatograms located by radioautography, were cut out and 
the radioactivity was directly counted under a Geiger-Muller 
tube. This method was used to estimate the amount of radio­
activity fixed in each compound in the carbon dioxide fixa­
tion experiments with whole cells. 
Glass planchets. The radioactivity of most samples was 
determined on ground glass planchets. A micropipet fitted 
with an Adam' s suction apparatus was used to apply an aliquot 
of sample to the planchet. Uniform plating was accomplished 
by use of a small turn table. A hair dryer was used to aid. in 
evaporation. No correction for self-absorption was necessary, 
since the amount of sample applied was either so small or the 
same through any one experiment. 
BaC0.3. Radioactive carbon dioxide was usually converted 
to BaCOg for the measurement of radioactivity. Carbon dioxide 
was first trapped in NaOH, and then was converted to BaCOg by 
the addition of a few drops of saturated BaClg solution. 
BaCOg was collected by filtration on a Whatman No. 42 filter 
paper with a known area by use of a filter assembly as de­
scribed by Hug (1956). The weight of BaCOg was always deter­
mined to correct the radioactivity for self-absorption. 
2.4-Dinitrophenylhydrazone of oxalacetate. Radioactive 
oxalacetate formed in GOg fixation experiments, was converted 
to the hydrazone for the measurement of radioactivity. One 
ml. of sample, added to 5 mg. of carrier oxalacetic acid, was 
treated with 9 ml. of 2 N HCl saturated with 2,4-dinitro-
phenylhydrazine. After one hour at room temperature, the 
hydrazone solution was placed in a refrigerator (4°C) and was 
kept there overnight. The characteristic crystals of hydra­
zone were collected on Whatman No. 42 filter paper disks by 
use of the same filtration assembly as for BaCOg. The 
crystals were washed with 5 ml. of 2 N HCl, then with 1 ml. 
of water. Air was drawn through the sample for 5 minutes. 
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The sample was further dried over CaClg placed in a petri-
dish, and the radioactivity was counted. The yield of the 
hydrazone was determined by weighing the filter paper disk, 
prewashed with 2 N HCl and water, and the filter paper plus 
the hydrazone. 
Degradation of radioactive compounds 
Apparatus. All the degradations except wet combustion 
were carried out in an apparatus shown in Figure 1. COg-free 
nitrogen gas was admitted through a tube (1) containing water 
into the main flask (2). The main reaction flask had a side 
arm, in which the degradation reagents were placed. COg 
formed by the degradation of the compound was trapped by the 
COg trap (3) containing a solution of 0.2 N NaOH (COg-free, 
prepared by diluting saturated NaOH solution with boiled 
water). Nitrogen gas served for the agitation of the reaction 
mixture as well as for the transportation of COg formed. 
Carbon dioxide trapped in the NaOH solution was recovered 
as BaCOg as described in the previous section. COg-free 
water was used for all the rinsings of the COg trap. Car­
rier compounds were always added to the radioactive compounds 
to determine the yields of BaCOg. 
Wet combustion. Van Slyke reagent (van Slyke et al. , 
1951) was used to convert all the carbon atoms of glyceric 
acid to the form of carbon dioxide. The Y-tube glass appa-
Figure 1. Degradation apparatus 
1. Entrance for COg-free nitrogen gas 
2. Main reaction flask 
3. COg-trap containing 0.2 N NaOH 
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ratus used and the method of combustion were those described 
by Hug (1956). 
Glyceric acid. Glyceric acid was degraded with periodic 
acid and perchloratoceric acid according to Aronoff (1956) 
with a slight modification. Radioactivities of the carboxyl 
carbon atom and the </-carbon atom were determined. Formal­
dehyde formed from the /3-carbon atom was evaporated off to­
gether with water with a stream of dry air. 
Ninhydrin reaction. The two carboxyl groups of aspartic 
acid, </-carboxyl group of glutamic acid, and the carboxyl 
group of serine were deca.rboxyla.ted with ninhydrin according 
to Vernon and Aronoff (1950). The reaction was carried out 
in a citrate buffer of pH 2.5. 
Aspartic acid. The o(-carboxyl carbon atom of aspartic 
acid was obtained after the conversion to malic acid with 
HONQ and the von Pechman oxidation of the isolated malic acid 
(Hacusen and Aronoff, 1953). Malic acid was extracted with 
diethyl ether and was further purified by paper chromatography 
(EtAc-HCOOH-water I solvent) and radioautography. 
Glutamic acid. The ft-carboxyl group of glutamic acid 
was released according to Schmidt as modified by Phares (1951) 
with NaNg and HgSO^. 
Hydrazone of oxalacetic acid. The /3-carboxyl group of 
oxalacetate was decarboxylated by boiling the acidified 
2,4-dinitrophenylhydrazone solution (Bandurski and Greiner, 
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1953). 
Optical density 
Spectrophotometry A Beckman DU spectrophotometer with 
1.0 cm. cells was used for the measurement of DPNH or TPNH 
concentration and for the determination of absorption spectra 
of colored products from sugars. The concentration of DPNH 
or TPNH was followed at 340 mp. Sometimes a Spectronic 2.0 
(Bausch and Lomb) was used for the determination of absorp­
tion spectra of colored materials. 
Ribulose. Cysteine-carbazole reaction (Dische and 
Borenfreund, 1951) was used for the measurement of ribulose-
5-phosphate formation from ribose-5-phosphate according to 
the method of Axelrod and Jang (1954). The purple color 
developed was read in a Klett colorimeter with a 520 mp filter. 
The reaction was also used for the identification of ribulose 
eluted from paper chromatograms. Ribulose develops the maxi­
mum color intensity in 15-20 minutes with a peak at 540 mp 
in the cysteine-carbazole reaction (Cohen, 1953). 
Orcinol test. The orcinol reaction adapted for the 
spectrophotometrie examination by Horecker (1957) was used 
to identify ribulose and sedoheptulose eluted from paper 
chromatograms. Ribulose shows two peaks at 540 and 670 mp. 
in this test (Horecker e_t al., 1951). Sedoheptulose forms 
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a brown color with an absorption maximum around 580 mp 
(Horecker and Sayrniotis, 1952)* 
Aldolase. Aldolase activity was determined by the 
method of Sibley and Lehninger (1949), measuring the optical 
density in a Klett colorimeter with a 540 mp filter. 
Thiosulfate. Thiosulfate and polythionates were deter­
mined by the method of Sorbo (1957). Thiosulfate was con­
verted to thiocyanate in the presence of cyanide and cupric 
ion, then thiocyanate was determined as. the iron complex by 
adding a ferric nitrate reagent. The optical density was read 
in a Spectronic 20 at 460 mp. Polythionates were converted 
to thiocyanate without adding cupric ion. 
Manometrlc methods 
The Barcroft-Warburg apparatus was used to measure the 
oxidation of various sulfur compounds. The standard tech-
I 
niques of re spirometry described by Unibr-eit e_t al. ( 1949) 
were used. 
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EXPERIMENTAL 
Fixation of Radioactive Carbon Dioxide by Whole Cells 
Thiobaclllus thlooxidans. being an autotroph, synthesizes 
all the organic components of the cells from carbon dioxide 
and inorganic salts. In order to determine a mechanism or 
mechanisms of COg fixation by this organism, the whole cells 
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oxidizing sulfur were exposed to C Og for various periods 
and the radioactive compounds formed were determined by paper 
chromatography. 
Experimental procedure 
T. thiooxldans was grown in a Fernbach flask containing 
700 ml. of Starkey1 s medium.' After incubation for seven days 
at 30°C., sulfur was removed by filtration and the cells were 
harvested by centrifugation at 5,000 r.p.m. for 30 minutes 
in a Sorvall centrifuge. The packed cells were resuspended 
in 30 ml. of a modified Starkey1 s medium (Suzuki and Werkman, 
1958a), which contained 0.2 g. of CaS04 "2HgO instead of 0.25 
g. CaClg, and also 0.05 g. of Tween 80 per litre. Calcium 
sulfate was selected because of its low solubility in ethanol. 
Tween 80, a wetting agent, assists in the dispersion of sulfur 
particles throughout the medium and was shown by Starkey et 
al. (1956) to increase the rate of sulfur oxidation during 
growth. The suspension, added to 1.5 g. of sulfur, was shaken 
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for 3.5 hours. After incubation» the actively sulfur-oxidiz­
ing cells together with sulfur particles were harvested again 
by centrifugation. They were finally suspended in 30 ml. of 
the modified Starkey1' s medium, adjusted to pH 2.0 with sul­
furic acid. 
A specially designed reaction flask had a side arm to 
hold the radioactive sodium bicarbonate • It had a, hole at the 
bottom, through which a stopcock led to a flask containing 
500 ml. of boiling water. The cell-sulfur suspension was 
introduced into the flask and 1 ml, of 0.01 N NaHCOg (specific 
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activity : 5 x 10 counts/min./ml.) into the side arm, and then 
the flask was evacuated and refilled with COg-free air at 
atmospheric pressure. The reaction was started by tipping the 
solution of radioactive bicarbonate into the cell suspension. 
The system was agitated by a magnetic stirrer. After a fixed 
time the reaction mixture was flushed into the boiling water 
in the connecting flask and boiled for 10 minutes. Nitrogen 
gas was passed through the boiling water during this period 
to remove the residual C^~0g. The boiling water was used to 
extract the labeled compounds from the cells as well as to 
stop the reaction. Eighty per cent ethanol was not used, 
since ethanol dissolves sulfur to some extent. 
The reaction mixture was filtered through Whatman No. 1 
filter paper to remove sulfur particles and the filtrate was 
concentrated and dried under vacuum at 30°0. Thirty ml. of 
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80 per cent ethanol extracted most of the radioactivity from 
the concentrated residue. The solid material, separated by 
centrifugation, was further extracted with 10 ml. of 80 per 
cent ethanol. The ethanol fractions were combined and sub­
jected to fractionation by ion exchange resins as described 
previously. Three fractions, neutral, cationic, and anionic, 
were concentrated separately under vacuum and each was sub­
jected to paper chromatography. 
Identification of radioactive compounds 
The separation of radioactive compounds was carried out 
by two-dimensional paper chromatography with 80 per cent 
phenol and BABW (two passings) as the solvents. The radio­
active spots, revealed by radioautography, were cut and the 
radioactivity was directly counted under a Geiger-Muller tube. 
The substances were then transferred to new chromatograms by 
the method described previously for further identification 
with additional selected solvents. Authentic compounds were 
often developed simultaneously with the unknowns on the same 
chromatograms in parallel channels to compare the moving dis­
tances. The knowns were sprayed with suitable spraying re­
agents for the detection and the unknowns were detected by 
radioautography. At least three different solvent systems 
were used before reaching a final decision as to identity. 
As the last step, the unknown compound was mixed with an 
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authentic compound and thus compared chromatographically. 
The identity of position and shape of spot on a radiogram and 
of that on a chromatogram revealed by a color reaction was 
considered as proof of identity of the two compounds. Figure 
2 shows a radiogram used for the identification of labeled 
glutamic acid isolated from the cationic fraction of three-
minute fixation products. Phosphorylated compounds were 
treated with Polidase and the hydrolyzed compounds were fur­
ther identified by paper chromatography. 
Three experiments were run with time duration of three 
minutes, ten seconds, and two seconds. The identity of the 
radioactive compounds and the distribution of radioactivity 
among the compounds are shown in Table 1. 
All the amino acids were identified from the cationic 
fractions and gave positive reactions with ninhydrin. As­
partic acid was by far the most rapidly labeled amino acid 
followed by glutamic acid and serine. Other common amino 
acids, e,.g., alanine, threonine, valine, leucine, isoleucine, 
were slowly labeled. The chromatogram of the cationic frac­
tion from the three-minute fixation experiment gave a ninhy­
drin positive pattern almost identical to its radiogram pat­
tern, indicating the incorporation of C"*"4 in all the free 
amino acids during this period. A few radioactive spots on 
the chromatogram which did not correspond to any of the 
ninhydrin positive spots or any known amino acids were hy-
Figure 2. Radiogram of glutamic acid isolated from the 
cationic fraction of three-minute fixation 
products 
The dark spots at the corners are the images 
of the radioactive-ink spots used to facilitate 
the orientation of the film. 
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Table 1® Identification of radioactive compounds 
Compound identified 
Distribution of activity a 
3 min. 
fixation 
10 sec- 2 sec. 
fixation 
( 90 
Amino acids 
Aspartic acid 
Glutamic acid 
Serine 
Alanine 
Threonine 
Valine 
Leucine 
Isoleucine 
Phosphate esters 
4 
8 
5 
1 
3= 
3 
1 
4 
24 
3 
5 
1 
8 
2 
2 
Phosphoglyceric acid 
Glucose phosphates 
Sugar s 
Glucose 
Fructose 
Mannose 
Rhamnose 
Ribose 
Ribulose 
D ihydroxyac et one 
3 
36 
10 
1 
1 
1 
33 
27 
2 
4 
4 
2 
4 
80 
Organic acids 
Glyceric acid 
Malic acid 
Tartaric acid 
Unidentified 
15 
12 
3 
3 
a4: activity less than 1 per cent. 
drolyzed with 6 N HC1 for five hours at 120°C. The first spot 
gave rise to alanine and threonine, the second to alanine and 
aspartic acid, and third spot to glutamic acid. The above 
evidence indicates that those spots were probably peptides 
and that the radioactivity was already incorporated in pep­
tides in three-minute fixation. There was no formation 
of peptides in ten seconds or two seconds. The radioactivity 
found in the amino acids of those peptides were added to the 
activity in the individual amino acids in Table 1. 
Phosphate esters, sugars, and organic acids were identi­
fied in the anionic and neutral fractions. It is apparent 
that phosphoglyceric acid is the most rapidly labeled compound 
in these fractions. Thus in two-second fixation 80 per cent 
of the total activity fixed was found in phosphoglyceric acid. 
When the cells were exposed to for a longer period, the 
activity appeared in glucose phosphate, some sugars, and 
organic acids. Glyceric acid and some of the sugars might 
have derived from the phosphate esters during the separation 
procedures. The presence of common hexoses, pentoses, and 
dihydroxyacetone suggests the similarity of the carbohydrate 
metabolism of this organism to that of other organisms. On 
the other hand, the absence of sedoheptulose among the prod­
ucts of fixation and the very low activity found in fructose 
distinguish this organism from photosynthetic organism or 
Thiobacillus dënitrificans (Aubert e_t al., 1956). It is 
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possible, however, that these compounds might not have accu­
mulated in detectable quantities. Among the organic acids of 
the tricarboxylic acid cycle, malic acid was the only one 
detected, probably due to their rapid incorporation into 
amino acids. The role of tartaric acid in the metabolism of 
this organism is not known. The unidentified compound in the 
three-minute fixation product is possibly a gluconic acid 
derivative according to its chromatographic behavior. These 
two compounds, however, were not found in shorter time ex­
posure experiments and therefore are not important as first 
intermediates of carbon dioxide fixation. 
Degradation of radioactive compounds 
Several radioactive compounds were degraded and the 
location of radioactivity in the molecules was determined 
(Table 2). Phosphoglyceric acid from two-second and ten-
second fixation products was hydrolyzed with Polidase, and 
glyceric acid was isolated by paper chromatography. Likewise 
asp art ic acid, serine, and glutamic acid were isolated from 
ten-second and three-minute fixation products by paper 
chromatography. The radioactivity of phosphoglyceric acid 
was located mostly in its carboxyl group and more so in two-
second than in ten-second fixation. Thus 89 per cent of the 
activity of phosphoglyceric acid from the two-second fixa­
tion experiment was found in its carboxyl carbon atom. This 
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Table 2. Degradation of radioactive compounds 
Compound 
2 sec. 
(^) 
10 sec. 
(^) 
3 min. 
(# 
Glyceric acid COOH 
HGOH 
ÔHgOH — 
—— 89 
7 
4 
67 
16 
18 
Serine GOOH — 
HCNHP 
CHGOH 
74 49 
Aspartic acid COOH — 
HÙNHP 
ÔOOH — 
22 
78 
74 (both car­
boxyl groups) 
Glutamic acid ÇOOH — 
rïf1 ïtf'MVt 
—  —  — —  63 38 
nuANing 
1%. 
COOH — 13 5 
result is in agreement with those of photo synthetic carbon 
dioxide fixation and indicates the presence of a common mechan­
ism, i.e., the carboxylation of ribulose diphosphate. The 
carboxyl carbon of serine was also rapidly labeled as expected 
from a scheme in which phosphoglyceric acid is a precursor in 
its biosynthesis (Iehikawa and G-reenberg, 1955). 
The degradation of aspartic acid and glutamic acid re­
vealed the preferential labeling of |3-carboxyl group of 
aspartic acid and oC-carboxyl group of glutamic acid. This 
result can be best explained by the formation of -carboxyl 
labeled oxalacetic acid and its oxidation through the Krebs 
50 
cycle to o(-ketoglutaric acid. The transamination of these 
keto acids will form /3-carboxyl labeled aspartic acid and 
^-carboxyl labeled glutamic acid. It is not surprising that 
radioactive oxalacetic acid was not detected among the fixa­
tion products when its lability is considered. 
Fixation of Radioactive Carbon Dioxide 
by Cell-free Extracts 
The rapid labeling of the carboxyl group of phosphogly-
ceric acid and the /3-carboxyl carbon of aspartic acid in the 
C Or, fixation experiments by whole cells of T. thiooxidans, 
suggested the possibility of the presence of two mechanisms 
of COg fixation in this organism, i.e., the carboxylation of 
ribulose diphosphate leading to phosphoglyceric acid and the 
carboxylation of pyruvic acid to form oxalacetic acid. In 
the following experiments, the presence of the enzymic systems 
required for these two COg fixation mechanisms was determined 
in the cell-free extracts of T. thiooxidans. 
Formation of oxalacetic acid 
The formation of oxalacetic acid from pyruvic acid and 
carbon dioxide, the so-called Wood-VJerkman reaction, was found 
to be far more complicated than was originally thought. Phos­
pho enolpyruvic carboxylase found by Bandurski and G-reiner 
(1953) and oxalacetic carboxylase found by Utter and Kurahashi 
(1955) both catalyze the formation of oxalacetic acid from 
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phosphoenolpyruvic acid. Malic enzyme plus malic dehydro­
genase may also catalyze the formation of oxalacetic acid 
from pyruvic acid and COg (Ochoa, 1952). The presence of 
those enzymic systems was determined® 
PhosphoenoIpyruvic carboxylase. The cell-free extract 
prepared according to the method described previously, was in­
cubated with phosphoenolpyruvate (PEP) and C^Og in conven­
tional Warburg flasks with two side arms under various con­
ditions. The radioactivities fixed in oxalacetic acid were 
determined (Table 3). The reaction was stopped by addition 
of 0.1 ml. of 6 I HCl. Cl40g was removed by flushing the 
flasks with nonradioactive carbon dioxide and then with Nn. 
The preparation and collection of 2,4-dinitrophenylhydrazone 
of oxalacetate, and the measurement of radioactivity were 
described previously. The.yield of hydrazone was consistent 
throughout the experiments and was between 82 and 86 per cent. 
Correction of the radioacitivity was made for the incomplete 
yield. The radioactive hydrazone was later identified by 
paper chromatography and radio autography using a. solvent 
system of butanol saturated with 3 per cent (w/w) ammonium 
hydroxide. The yellow hydrazone spots of carrier oxalacetate 
had identical shapes and positions with the spots revealed on 
x-ray films. 
The location of radioactivity in the oxalacetate molecule 
was determined by collecting and measuring the radioactivity 
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Table 3. Phosphoenolpyruvic carboxylase8" 
Activity fixed in 
oxalacetate 
Wo. Omission Addition counts/min. 
Experiment A. Undialyzed extract 
1. None None 2,200 
2. PEP None 0 
3. GSH None 2,150 
4. MgClg None 480 
5. MgClg MnClg 2,210 
6. MgClg MnClg, ADP 1,610 
7. MgClg 
Experiment B 
MnClg, ADP, ITP 
Dialyzed extract 
1,170 
8. None None 1,740 
9. GSH ' None 1,490 
10. MgClg None 270 
11. MgClg MnClg 1,330 
12. PEP Pyruvate 0 
13. PEP Pyruvate, ATP 0 
14. None IDP 1,430 
15. None ' ADP 1,120 
aThe complete system contained PEP 10 jumoles, MgClg 3 
jamoles, NaHCOg 45 pmoles, tri s ( hydro xy me thy 1 ) amino m e than e 
(pH 7 =4) 90 umoles, reduced glutathione (GSH) 30 jamoles, 
NaHC-^Og 2 x lo" counts/min., cell-free extract 0.5 ml., 
and water to make a total volume of 2.0 ml. Gas phase: 
5 per cent CQg, 95 per cent Ng. Additions : MnClg 3 pmoles; 
inosine triphosphate (ITP), adenosine diphosphate (ADP), 
and inosine diphosphate (IDP) 3 jumoles each; pyruvate 100 
/amoles. Reaction was run for 1 hour at 31 C. 
53 
of carbon dioxide liberated by boiling the acidified aqueous 
hydrazone solution for one hour. The yg-carboxyl group of 
oxalacetate hydrazone is decarboxylated by this procedure 
(Bandurslti. and G-reiner, 19 53) . The radioactivity of BaCOg 
recovered from the GOg was determined on the filter-paper 
disk. The yield of BaCOg from the oxalacetate hydrazone was 
equimolar, i.e.., one. mole of BaCOg was obtained from one mole 
of hydrazone. The activity was corrected for self-absorption 
and also for the paper disk to glass planchet effect. It was 
found that all the activity of the original hydrazone counted 
on a glass planchet was recovered as BaCOg by boiling. Thus 
the activity recorded in Table 3 is that fixed in the y3-
carboxyl group of oxalacetate. 
From this table it is evident that the cell-free extract 
of T. thiooxidans is capable of forming oxalacetate from PEP 
and C0o without addition of necleotides. PEP is required for 
the reaction, and pyruvate alone or pyruvate plus ATP did not 
replace PEP. Mg++ ion and a reducing agent were required for 
Bandurski's phosphoenolpyruvic carboxylase partially purified 
from spinach leaves (Bandurski, 1855), whereas the preparation 
from wheat germ showed no requirement for the reducing agent 
and Mn++ did replace Mg++ ion (Tchen and Vennesland, 1955). 
Moreover, in the latter case no absolute requirement for 
either Mg++ ion or Mn++ ion was demonstrated even after di­
alysis. The results of the experiments with cell-free 
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extracts of T. thiooxidans resembled those with wheat germ. 
Glutathione did not stimulate the reaction even with dialyzed 
extract. The omission of magnesium ion resulted in a decrease 
of 84 per cent in the activity of the dialyzed extract. Man-
ganous ion replaced the stimulatory action of magnesium ion. 
Addition of nucleotide caused a slight inhibition as was the 
case in wheat germ. The reversible oxalacetic carboxylase 
in chicken liver requires those nucleotides for oxalacetate 
synthesis from phosphoenolpyruvate and COg. The colorimetric 
or manometric determination of oxalacetate formed was not 
possible as the amount was so small that only the radioiso­
topic method could detect the enzymic activity. 
Tchen and Vennesland (1955) suggested a low requirement 
of COg tension for the phosphoenolpyruvic carboxylase from 
wheat germ when they could not demonstrate its requirement by 
use of their spectrophotometric method. An experiment was 
undertaken with C140g to determine the substrate (COg) de­
pendency of the enzyme from T. thlooxidans when the concen­
tration of the second substrate (PEP) is fixed. According to 
the discussion by Alberty (1953) of enzymic reaction involv­
ing two reactants and two products, the initial rate of the 
reaction is given by 
v, lï 
i + (Ka/[A] ) + (KB/[BJ) + (KJB/WM) 
where and Eg are Michaelis constants for substrates A and 
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B, respectively ; K&g is the Michaelis constant for the over­
all reaction; v is the initial velocity of the reaction at 
given concentrations of A and B; and Vf is the maximal initial 
velocity of the reaction with substrates A and B. 
When the concentration of B is held constant at a value 
[B]o, the equation may be written 
v = ZL_ 
1 + KÀ/ [A] 
where Vl, the apparent maximum velocity, is V f / i l  + Kg/[B]o) 
and K^, the apparent Michaelis constant for A, is (K^[B]o + 
KAB)/(KB + TB]o). Both and may be obtained from a plot 
according to Lineweaver and Burk (1934), and if two such 
plots are made for two different concentrations of B; K. can 
be calculated algebraically. 
Radioactive sodium bicarbonate solution was used as the 
substrate, and various volumes of the solution were intro­
duced in side arms of Warburg flasks. The gas phase was re­
placed with Ng before the reaction started. The concentra­
tion of COg plus HCOg in the liquid phase of the reaction mix­
ture was calculated for pH 7.4 and 30°C. and was expressed as 
the substrate concentration. 
The amount of oxalacetate formed was calculated from the 
activity fixed in the 2,4-dinitrophenylhydrazone isolated as 
14 described previously, and the^ specific activity of NaHC O5 
added. Since the amount was, at most, 1/10,000 of either 
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substrate added, i.e., PEP or COg, it is reasonable to assume 
the reaction proceeded at the initial velocity for the period 
of the experiment. 
The results are plotted in Figure 3 by the method of Line-
weaver and Burk (1934). From these data the Michaelis con-
—3 
stant for COg plus HCOg was obtained as 1.3 x 10 M. This 
_ —3 
corresponds to the HCOg concentration of 1.2 x 10 M and COg 
concentration in gas phase of 0.36 per cent at pH 7.4. 
Oxalacetic carboxylase. The activity of this enzyme was 
determined by an oxalacetate-C^Og exchange experiment, a 
method first used by Krampitz et al• (1943) with a stable 
isotope of carbon, C^°. Oxalacetate and radioactive carbon 
dioxide were incubated with the cell-free extract of T. 
thiooxidans under various conditions, and the radioactivity 
incorporated in oxalacetate was determined as described in 
the previous section. The results are shown in Table 4. 
The dependency of the exchange reaction on the presence 
of inosine triphosphate (ITP) is apparent from this table. 
A small activity with adenosine triphosphate (ATP) instead of 
ITP may be attributed to the presence of contaminating nucle­
otide in the commercial ATP (Bandurski and Lipmann, 1956), 
or to the occurrence of a transphosphorylation reaction be­
tween ATP and a trace of inosine diphosphate (IDP) or guano-
sine diphosphate (GDP) which might have been present in the 
extract through the action of nucleoside diphosphate kinase. 
Figure 3. Effect of COg concentration on phosphoenolpyruvic 
carboxylase activity 
The reaction system contained PEP 10 jumoles in A 
and 20 jumoles in B series, respectively, reduced 
glutathione 30 jimoles, MgClg 3 jumoles, tris-
(hydroxymethyl) aminomethane (pH 7.4) 200 jumoles, 
dialyzed cell-free extract 0.1 ml., NaHCl^Og 
varied, and water to make a total volume of 2.0 
ml. The reaction was run for 1 hour at 30°C. 
v: amount of oxalacetate formed (jumoles) . 
[S]: substrate concentration (molar). 
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Table 4. Oxalacetic carboxylase^ 
No- Omission Addition 
Activity fixed in 
oxalacetate 
counts/min. 
1. None None 252 
2. ITP None 0 
3. ITP ATP 61 
4. ITP UTP 0 
aThe complete system contained oxalacetate 10 jumoles, 
inosine triphosphate (I TP) 3 ^ moles, reduced glutathione 
30 jjimoles, NaHCOg 45 pmoles, tris(hydroxymethyl)aminomethane 
(pH 7.4) 90 jumoles, NaHCl^Og 2 x 107 counts/min., cell-free 
extract 0.5 ml., and water to make a total volume of 2.0 ml. 
Gas phase: 5 per cent COg, 95 per cent Ng. Additions: 
adenosine triphosphate (ATP) and uridine triphosphate (UTP) 
3 jumoles each. Reaction was run for 1 hour at 31°C. 
Uridine triphosphate (UTP) was inactive. These results are 
considered as evidence for the presence of reversible oxal­
acetic carboxylase in the cell-free extract of T. thiooxidans. 
The activity, however, was very low and the rate of exchange, 
i.e., the per cent of the /3-carboxyl carbon of oxalacetate 
derived from the outside COp, was only 0.01 per cent for the 
complete system. Furthermore, when the dialyzed extract was 
used instead of the undialyzed, there was no exchange reaction 
observed, while the activity to form oxalacetate from PEP and 
COg was not diminished » This indicates that the two reactions 
carboxylation of PEP and oxalacetate-COg exchange, are carried 
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out by separate enzymes as was the case in wheat germ (Tchen 
and Vennesland, 19 55). 
Malic enzyme. Neither malic enzyme nor malic dehydro­
genase activity was demonstrated in the cell-free extract 
when measured by the reduction of triphosphopyridine nucle­
otide (TPN) or diphosphopyridine nucleotide (DPN) spectro-
photometrically. When mal at e was incubated with C^0P and 
the extract in the presence of TPN or DPN, there was no 
radioactivity fixed in malic scid isolated by paper chroma­
tography- In the phosphoenolpyruvic carboxylase experiment, 
an aliquot from the reaction mixture of the complete eystem 
of Experiment B was placed on a glass planchet and the radio­
activity was counted immediately after drying and again 16 
hours later. More than 95 per cent of the activity disappear­
ed in the 15 hours at room temperature, indicating the labile 
nature of the radioactive compound, probably oxalacetate. 
This finding eliminates the possibility of the formation of 
radioactive malate in this system in any appreciable amount. 
Formation of phosphoglyceric acid 
Ribo s e-5-pho sphat e (R-5-P) was used as a substrate for 
this experiment. Phosphoglyceric acid (PGA) is formed from 
R-5-P, ATP, and COg by the cooperation of three enzymes with 
the intermediary formation of ribulose-5-phosphate (Ru-5-P) 
and ribulose-1,5-diphcsphate (RuDP) according to the follow­
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ing equations (Hurwitz et al •, 1956; Weissbach et_ al.. 1956) . 
phosphoriboisomerase 
R-5-P ^ Ru-5-P 
phosphoribulokinase 
Ru-5-p + ATP » RuDP + ADP 
carboxylation enzyme 
RuDP + COg : > 2PGA 
R-5-P + ATP + COg > 2PGA + ADP 
In this experiment, the cell-free extract was examined 
for its ability to fix radioactive carbon dioxide in the pres­
ence of R-5-P and ATP, and to form carboxyl-labeled PGA. The 
results are shown in Table 5. 
Table 5. COg fixation in phoaphoglyceric acida 
No. Omission 
Total activity fixed 
counts/min. 
1. None 89,200 
2. R-5-P 1,000 
3. ATP 0 
4. MgClg 0 
5. GSH, cysteine, EDTA 101,000 
aThe complete mixture contained R-5-P 10 jumoles, ATP 15 
jumoles, MgClg 20 jumoles, NaHCOg 45 jumoles, tri s ( hydroxy me thy 1)-
ami no m ethane (pH 7.4) 100 jumoles, reduced glutathione ( GSH) 
10 jumoles, cysteine 5 jumoles, ethylenediamine tetraacetate 
(EDTA) 2 jumoles, NaHCl^Og 2 x 107 counts/min., cell-free ex­
tract (undialyzed) 0.5 ml., and water to make a total volume 
of 2.0 ml. Gas phase: 5 per cent COg, 95 per cent Ng. The 
reaction was run for 1 hour at 31°C. 
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The reaction was stopped by the addition of 0.5 ml. of 
50 per cent trichloroacetic acid. The remaining radioactive 
COg was removed by flushing the system with nonradioactive 
COg, then with Ng. An aliquot was plated on a glass planchet 
and the radioactivity was counted under a G-e i g e r-Mull e r tube. 
It is apparent from this table that the extract can fix 
COg in the presence of R-5-P only when supplied with ATP and 
magnesium ion. Mg++ is required both for the activation of 
phosphoribulokinase and carboxylation enzyme ( Hurwitz et. al., 
1956; Weissbach et. al., 1956). Although ethylenediamine 
tetraacetate (EDTA) and sulfhydryl compounds are also re­
ported. to be necessary for the full activity of purified 
preparations of those enzymes from spinach leaves (Hurwitz 
et al. , 1956; Weissbach et. al., 1956), there was no stimula­
tion by their addition to the cell-free extract of T. thlo-
oxidans in its COg fixing ability, even when the dialyzed 
preparation was used. 
In another experiment with the dialyzed cell-free ex­
tract, ITP was able to replace ATP. Whether I TP can phos­
pho rylate ribulose-5-phosphate or it acts indirectly by sup­
plying ATP from ADP which might be present in the extract in 
a trace sjnount cannot be answered by the present results. 
Identification of PGA as a sole radioactive product in 
this experiment was carried out by paper chromatography. The 
reaction mixtures from flasks 1 and 5 in Table 5 were centri-
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fuged and aliquot s of the s up e mat ant s were spotted on a sheet 
of acid-washed Whatman No. 3 mm. filter paper. Trichloro­
acetic acid present in the spots was neutralized with NHg 
vapor. The c hr o m at o g r am was developed in ethyl acetate-
acetic acid-water mixture (3:3:1) by the ascending method at 
4°G. The radioautogram was prepared as previously described. 
There was only one radioactive spot on the radiogram either 
from flask 1 or 5 with an Rf of 0.26. On the same chroHisto­
gram Rf values of orthophosphate, 2-PGA, 3-PGA, R-5-P, and 
ATP, were 0.38, 0.30, 0.26, 0.19, and 0.09, respectively. 
Thus the Rf of radioactive spot from each reaction mixture 
coincides with that of 3-PGA. 
Both the radioactive spots were cut and incubated with 
3 ml. each of 0.1 per cent Polida.se at 37°C, for two days and 
the hydrolyzed samples were spotted on a sheet of Whatman No. 
3 mm. paper. The paper was developed for chromatography in a 
mixture of 95 per cent ethanol-concentrated ammonium hydrox­
ide-water (80:5:20) at room temperature. On the radiogram. 
there was only one spot from each sample with an Rf of 0.43 
corresponding to that of an authentic glyceric acid run on 
the same chromâtogram. Malic acid had an Rf of 0.21, and all 
the common phosphate esters examined had Rf values lower than 
malic acid in this solvent. When those radioactive spots were 
eluted and aliquots plated on glass planchets and counted the 
radioactivity under a Geiger-Muller tube, it was found that 
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the activity on these spots could account for the total 
activity fixed in the original reaction mixtures. 
In order to locate the position of radioactivity in the 
glyceric acid molecule, the degradation was carried out 
according to Aronoff ( 1956) • Carrier glyceric acid was de­
graded together with an aliquot of the radioactive glyceric 
acid from flask. 1. Activities of carboxyl carbon atom and of 
oÉ-carbon atom were determined. The same aliquot of the radio­
active glyceric acid and carrier glyceric acid were combusted 
with van Slyke reagent (1951) to determine the activity in 
the whole molecule of glyceric acid. All the samples were 
counted as BaCOg on filter paper disks and the activities 
were corrected for self-absorption. The results are shown 
in Table 6. 
The data show the localization of the whole activity of 
glyceric acid molecule in its carboxyl group. The degradation 
of glyceric acid from flask 5 also showed a similar result. 
Table 6. Degradation of glyceric acid 
Relative specific activity 
counts/min. 
Whole molecule 
Carboxyl carbon atom 
o£-Carbon atom 
242 
246 
0 
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Metabolism of Ribose-5-pho sphate 
by Cell-free Extracts 
In order to obtain a stepwise demonstration of enzymes 
concerning the formation of PGA from R-5-P by the cell-free 
preparation, R-5-P was incubated with the extract under vari­
ous conditions. 
Phosphoriboisomerase 
Phosphoriboisomerase was measured by the method of Axel-
rod and Jang (1954) using the cysteine-carbazole test (Dische 
and Borenfreund, 1951). When the'R-5-P was incubated with the 
extract, there was a rapid formation of a. substance, which in 
the cysteine-carbazole test developed a purple color with a 
peak at 540 mja, characteristic of ketopentose (Cohen, 1953). 
Since this organism grows best at pH S—3 it was thought of 
interest to determine whether the enzyme of this organism has 
a pH dependency different from that of other organisms. The 
results are shown in Figure 4. The pH optimum was around 7 
and did not differ from that of the green plant enzyme (Axel-
rod and Jang, 1954) . That there was no appreciable sedo-
heptulose phosphate formation under the conditions used was 
confirmed by paper chromatography. Thus the interference by 
transketola.se was negligible. 
Figure 4. pH optimum of phosphoriboisomerase 
Each test tube contained ribose-5-phosphate 2 
jmmoles, buffer 60 jjimoles, the dialyzed extract 
0.1 ml., and water to make a total volume of 0.6 
ml. The reaction was run for 10 min. at 3?°C 
and was stopped by the addition of 6 ml. of a 
sulfuric acid solution (255 ml. of concentrated 
HgSO^ mixed with 95 ml. water), 0.2 ml. of 0.12 
per cent (w/v) carbazole solution in absolute 
ethanol, and then 0.2 ml. of 1.5 per cent (w/v) 
cysteine-HCl solution in water. The optical 
density was read after 30 min. incubation at 
37°C in a Klett colorimeter using a 520 mp. 
filter. O : Potassium acid phthalate buffer. 
# : Tris buffer. 
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Determination of compounds 
formed from ribo se-5-pho sphat e 
R-5-P was incubated with the extract under various con­
ditions to determine the products by paper chromatography. 
Five experiments were carried out and the conditions ere 
summarized in Table 7. The reaction was carried out at 37°0. 
in a Dubnoff shaking incubator ans was stopped by heating in 
Table 7. Incubation of ribo se-5-pho sphat e under various 
conditions8-
Flask Content Duration Final products*3 
A R~ •5-P +• extract 1 hour S-P, F-P 
B R-•5-P + extract ATP + MgClg 1 hour S-P, RuDP, SDP 
C R-•5-P + extract 
+ NaHC-Og 
+ ATP + MgClg 1 hour S-P, SDP, PGA 
D R-5-P + extract 10 min. Ru-P, S-p 
E R-•5-P + extract ATP + MgClg 10 mln. Ru-P, 
RuDP, 
S-P, 
SDP 
aAmount of ingredients : R-5-P 10 pimoles, MgClg 20 jumoles, 
NaHCOg 40 jumoles, tris( hydroxymethyl) amino me thane (pH 7.4) 
20 jumoles, the dialyzed cell-free extract 0.3 ml. Tri s (hy­
droxymethyl) aminomethane buffer was included in all flasks. 
The total volume was made up to 0.8 ml. with water. Gas 
phase : Ng except in flask C where the gas phase was 5 per 
cent COg and 95 per cent Ng. All flasks except flask C had 
0.1 ml. each of 20 N NaOH in their center wells. 
bThe abbreviations used are S-P, sedoheptulose phos­
phate; F-P, fructose phosphate ; RuDP, ribulose diphosphate; 
SDP, sedoheptulose diphosphate; PGA, phosphoglyceric acid; 
and Ru-P, ribulose phosphate. 
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a boiling water bath for 2 minutes. ATP was removed by treat­
ing the reaction mixture with 100 mg. of Norit A. The re­
action mixture was then subjected to descending band chroma­
tography using acid-washed Whatman No. 3mm. filter paper in 
ethyl acetate-acetic acid-water (3:3:1) at 4°C. A narrow 
strip was cut from each chromatogram and sprayed with ammonium 
molybdate reagent to detect phosphorylated esters according 
to Bandurski and Axelrod (1951). A second strip cut from each 
chromatogram was sprayed with orcinol reagent (Kievstrand and 
Nordal, 1950) to detect keto sugars. The third strip was 
sprayed with orcinol-HCl reagent (Bidwell et al., 1952) to 
reveal residual R-5-P as well as keto sugars. Phosphorylated 
esters revealed by these spraying reagents were eluted from 
the remaining strip and were hydrolyzed with Polidase, and 
the free sugars were chromatographed in BABY! and 80 per cent 
phenol for further identification. With the former solvent, 
in three passings, the Rf values of ribulose, ribose, fruc­
tose, sedoheptulose, and glucose were 0.59, 0.54, 0.40, 0.31, 
and 0.26, respectively. With the latter solvent, they were 
0.71, 0.67, 0.58, 0.46, and. 0.42. Ribulose, sedoheptulose, 
and fructose were identified by their specific colors develop­
ed after orcinol spray and also by their Rf values. Ribulose 
eluted from chromatograms was further identified by the 
appearance of the maximum color intensity in 15-20 minutes 
with a peak at 540 mp in the cysteine-carbazole test (Cohen, 
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1953) (Figure 5) and also by the absorption spectrum in the 
orcinol test with two peaks at 540 and 670 mp. (Horecker et_ 
al., 1951). likewise sedoheptulose was identified by the 
formation of a brown color with an absorption maximum around 
580 mju in the orcinol test (Horecker and Smyrniotis, 1958) 
as shown In Figure 6. 
Experiments A, B, and C were designed to show the step­
wise formation of Ru-5-P, RuDP, and PG-A, but they were only 
partially successful due to the occurrence of other enzymic 
reactions which removed some of the expected products- In 
flask A a large amount of sedoheptulose phosphate and a small 
amount of fructose phosphate were formed instead of Ru-5-P. 
The formation of sedoheptulose phosphate from R-5-P can be 
explained by the action of phosphoriboisomera.se, phospho-
ketopentoepimera.se, and transketolase. Epimerase converts 
Ru-5-P to xylulose-5-phosphate, a donor substrate for trans­
ketolase. Fructose phosphate was probably formed by the 
action of trans aldolase from sedoheptulose phosphate and 
glyceraldehyae-3-phosphate, but the possibility of the forma­
tion by reversal of the Embden-Meyerhof pathway from glyeer-
aldehyde-3-phosphate cannot be excluded. When ATP was added 
to the system, RuDP and a small amount of sedoheptulose di­
phosphate (SDP) were formed (flask B). The formation of 
RuDP is considered as evidence for the presence of phos­
phoribulokinase. Possible mechanisms for the formation of 
Figure 5. Absorption spectrum of ribulose in the 
cysteine-carbazole test 
Ribulose phosphate isolated by paper chromatography 
from the reaction mixture of flask D was hydrolyzed 
with Polidase. Ribulose was purified by paper 
chromatography. The conditions for the cysteine-
carbazole test were the same with those described 
in Figure 4, except the reaction was carried out 
for only 20 min. and the optical densities at 
various wavelengths were determined in a Elec­
tronic 20. The optical density at 540 mj* did 
not change for 24 hours. 
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Figure 6. Absorption spectrum of sedoheptulose in the 
orcinol test 
Sedoheptulose phosphate was isolated from the re­
action mixture of flask D by paper chromatography 
and was hydrolyzed with Polidase. Sedoheptulose 
was purified by paper chromatography and was eluted 
into 1 ml. of water. The orcinol test was carried 
out in a small test tube. The sedoheptulose solu­
tion was treated with 0.1 ml. of orcinol solution 
(100 mg. per ml. in absolute ethanol) and 1 ml. 
of the ferric chloride-HCl solution (0.1 per cent 
FeClg•6HgO in concentrated HOI). The test tube 
was stoppered with a glass marble and heated for 
40 min. in a boiling water bath. The absorption 
spectrum was determined with a Beckman DU 
spectrophotometer. 
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SDP will be discussed in the next chapter. Formation of PGA 
only in flask C demonstrated the requirement of carbon dioxide 
for the carbosylation enzyme activity. Ribulose monophosphate, 
probably Ru-5-P, was identified when the reaction time was cut 
to 10 minutes in flasks D and S. The results in these experi­
ments apparently show the action of enzyme systems necessary 
for the cyclic metabolism of pentose leading to the carboxy-
lation of RuDP and the formation of PGA. 
Hexose Synthesis from Phosphoglyeerie Acid 
by Cell-free Extracts 
In photosynthesis, PGA formed by the action of carboxyla-
tion enzyme is considered to be transformed to hexose mainly 
by the reversal of the Embden-Meyerhof pathway. So the next 
step was to investigate the capability of the extract of T. 
thlooxidans to synthesize hexose phosphates through the same 
pathway. 
Oxidation of DPNH in the 
presence of phosphoglyeerie acid 
In the reversal of the Embden-Meyerhof pathway, 3-PGA 
is converted to glyceraidehyde-3-phosphate in the presence of 
ATP and reduced diphosphopyridine nucleotide (DPNH). DPNH 
was incubated with the cell-free extract in various condi­
tions, and the oxidation was followed spectrophotometrically 
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at 340 mjut. The results are shown in Figure 7. It is evident 
from this figure that PGA, ATP, reduced glutathione (GSH), 
and the extract are necessary for the oxidation of DPNH. GSH 
is required to activate glyceraldehyde-3-phosphate dehydro­
genase. Mg++ is required for the phosphorylation of PGA with 
ATP to form 1,3-diphosphoglyceric acid, and stimulated the 
oxidation of DPNH in this experiment, although its absolute 
requirement was not demonstrated. The data are interpreted 
as evidence for the presence of 3-phosphoglycerokinase and 
glyceraidehyde-3-phosphate dehydrogenase in the extract. 
Aldolase 
Aldolase activity in the extract was determined by the 
method of Sibley and Lehninger (1949), measuring the optical 
density in a Klett colorimeter with a 540 mjbi filter after the 
addition of alkali and 2,4-dinitrophenylhydrazine to the re­
action mixture. The reaction mixture consisted of the ex­
tract, fructose-1,6-diphosphate, and hydrazine. The pH 
optimum of this enzyme was found to be near 9 using Veronal 
buffer as shown in Figure 8. This value is similar to those 
reported on aldolase of other organisms. Ferrous ion stimu­
lated the activity. 
Figure 7. Oxidation of DPNH in the presence of 
phosphoglyceric acid 
The complete system contained phosphoglyceric 
acid (PGA) 25 pinoles} adenosine triphosphate 
(ATP) 15 jumoles, reduced diphosphopyriaine 
nucleotide (DPNH) 0.5 ymole, reduced glutathione 
( GSH) 10 p moles, MgClg 20 immoles, tris(hydroxy-
methyl) aminomethane (pH 7.4) 200 immoles, the 
dialyzed extract 0.1 ml., and water to make a 
total volume of 3.0 ml. X : Complete system. 
A : MgClg added after 5 min. ® : The extract 
added after 5 min. A : GSH added after 5 min. 
O : ATP added after 5 min. • : PGA added 
after 5 min. 
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Figure 8. pH optimum of aldolase 
Each flask contained fructose diphosphate 6.25 
immoles, hydrazine 140 jjimoles (pH adjusted), the 
cell-free extract (made up in a 0.1 M phosphate 
buffer of pH 7.0) 0.1 ml., Veronal buffer 150 
jumoles (pH adjusted), and water to make a total 
volume of 2.5 ml. The reaction was stopped by 
the addition of 2 ml. of 10 per cent trichloro­
acetic acid after 30 min. at 37°0. and analyzed 
for the formation of triose phosphate according 
to Sibley and Lehninger. 
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Triosephosphate Isomerase 
The presence of triosephosphate isomerase was demon­
strated by the method of Vandemark and Wood (1956), measuring 
the formation of chromogen by the procedure of Sibley and 
Lehninger when the extract was incubated with fructose-1,6-
diphosphate in the presence and absence of hydrazine. The 
addition of hydrazine prevents the conversion of glyceralde­
hyde- 5-phosph ate to d.ihydroxyacetone phosphate by triose 
phosphate isomerase. In the method of Sibley and Lehninger, 
dihydroxyacetone phosphate contributes 87 per cent of the 
color when both triose phosphates are present at equal 
amounts. In the absence of hydrazine, triose phosphate iso­
merase converts glyceraldehyde-3-phosphate to dihydroxyace­
tone phosphate, and hence more chromogen formation results. 
In the experiment with the cell-free extract of T. thio-
oxldans, approximately twice as much chromogen was formed in 
the absence as that in the presence of hydrazine, indicating 
the presence of triosephosphate isomerase. 
Metabolism of Radioactive Glucose 
Starkey (1925b) showed the disappearance of added glu­
cose from the sulfur medium during the growth of T. thlo-
oxldans. There was, however, no direct evidence of its par­
ticipating in the metabolism of this organism. 
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Glucose labeled with carbon-14 was used to investigate 
the metabolism of glucose in this organism. 
Two kinds of bacterial suspension were prepared for this 
experiment. The suspension A (50 mg. wet cells/ml. water) 
was shaken in a flask for seven hours at 30°C. to use up all 
the sulfur which might have been present in the cells, then 
the pH was adjusted to 3.0 with HgSO^. The suspension B 
(2 ml. of suspension A plus 320 mg. of sulfur suspended in 
10 ml. of 500 p.p.m. Tween 80 solution) was shaken for 3.5 
hours, centrifuged down, and resuspended in 2 ml. of water 
(both cells and sulfur). The pH was also adjusted to 3.0 
with HgS04' One ml. of each suspension was incubated with 0.2 
pmole of uniformly labeled glucose (1.1 x 10 disintegrations/ 
min.) at 31°C. NaOH solution was placed in the center well 
to trap COg produced from glucose. The preparation of BaCOg 
and the measurement of radioactivity were carried out as 
described in other sections. After one hour the reaction mix­
ture was fractionated into 80 per cent ethanol-soluble and 
-insoluble fractions. The distribution of radioactivity among 
three fractions, i.e., COg, ethanol-soluble, and ethanol-
insoluble, is shown in Table 8. The radioactivities of the 
ethanol-solu'ble and ethanol-insoluble fractions were deter­
mined by plating aliquots of the fractions on glass planchets 
and placing them under a Geiger-Muller tube. The radioactivity 
of BaCOs counted on filter paper was corrected for the paper 
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Table 8. Distribution of radioactivity in a C "^-labeled 
glucose experiment8-
COc Ethanol-soluble Ethanol-insoluble 
No . W (2) 
1. 7.0 91.2 2.0 
2- 0. o 90.5 9.3 
aFlasks 1 and 2 contained 1 ml. each of the cell sus­
pensions A and B, respectively. Each flask had, in addition, 
water 0.7 ml., uniformly labeled glucose-Ci4^ ( 1.1 x 10° 
disintegrations/min./ml.) 0.1 ml., and 2 N NaOH 0.2 ml. 
(center well) . The reaction was run in Warburg flasks at 
31°C. for 1 hour. Gas phase: air. 
disk to glass planchet effect. 
From Table 8 it is evident that glucose is metabolized 
by the organism and carbon dioxide is evolved from the glu­
cose molecule. The amount of COg evolved was very much larger 
in the absence than in the presence of sulfur. 
Two-dimensional paper chromatography (80 per cent phenol 
and two passings of BABW) and radio autography of the ethanol-
soluble fractions revealed residual glucose as the main source 
of radioactivities in the fractions. On the radiogram from 
the ethanol-soluble fraction of flask 1, there were only sev­
eral faint spots other than glucose. These are probably di-
or trisaccharides, fructose, ribulose, and other sugars. 
There was no labeled amino acid formation. The absence of 
the accumulation of considerable amounts of intermediates 
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indicates that glucose was probably oxidized through the ICrebs 
cycle down to COg- The radiogram from flask 2 revealed a 
larger number of radioactive compounds with higher activities 
than those from flask 1. Approximately 5 per cent of the 
activity of the ethanol-soluble fraction was found in an area 
near origin of the chromatogram, probably phosphate esters. 
Labeled di- or tri-saccharides, fructose, and ribulose were 
also detected. This ethanol-soluble fraction was passed 
through IR-120, the amino acids held were eluted with 4 N 
NH4OH, and an aliquot of the concentrated eluate was sub­
jected to a. two-dimensional paper chromatography (80 per cent 
phenol and two passings of BABW). The radioautogram showed 
the distribution of radioactivity in many amino acids, such 
as aspartic acid, glutamic acid, serine, alanine, tyrosine, 
valine, and leucines. No effort was made further to identify 
these compounds. The total radioactivity of the cationic 
fraction was 3.7 per cent of that of the ethanol-soluble frac­
tion . 
Those results indicate that the amount of COg trapped in 
NaOH is not the true indication of the rate of glucose metab­
olism. Thus although flask 2 did not release a large amount 
of COg, glucose was metabolized and the radioactivity was 
distributed in many organic compounds. A reasonable inter­
pretation is that carbon dioxide produced from glucose was 
assimilated again into organic compounds before being trapped 
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in NaOH in the presence of sulfur. Sulfur is apparently 
necessary for this COg fixation, since there were very few 
organic compounds and no amino acids labeled in the absence 
of sulfur. Both PEP carboxylase and ribulose diphosphate 
carboxylase were probably responsible for this fixation. PEP 
carboxylase will be particularly favored because of its low 
COg requirement. An alternate interpretation is that in 
flask 1 glucose was oxidized through the Krebs cycle to COg, 
while in flask 2 glucose entered the cycle, but the organic 
acids in the cycle were used to synthesize amino acids in­
stead of being oxidized to COg. 
There was no accumulation of volatile acids during the 
metabolism of glucose in flasks 1 and 2. 
In another experiment where the reaction system was the 
same as in flask 2, except that NaOH was omitted, the dis­
tribution of radio activity among amino acids was approximately 
the same as that in flask 2. There was less activity in phos­
phate esters. An important difference was that there was an 
accumulation of a substantial amount (two per cent of the 
ethanol-soluble fraction) of a radioactive compound which be­
haved chromatographically as ribulose. There is no explana­
tion available for the accumulation of ribulose in the absence 
of NaOH, but it is apparently connected with COg fixation. 
The ethanol-insoluble fractions of flasks 1 and 2 were 
hydrolyzed in 1 N HCl at 100°C. for two hours, and the 
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hydro lyz at es were subjected to paper chromatography. Almost 
all the activity was found in glucose in either flask. The 
glucose was probably present in the form of a polysaccharide 
reported by Le Page (1942), which was hydrolyzed under the 
conditions used in tills experiment. Apparently the oxidation 
of sulfur is necessary for the synthesis of this polysac­
charide from glucose, since the radioactivity in the ethanol-
insoluble fraction was much higher in flask 2 thank in flask 
1. 
When the cell-free extract of T. thlooxidans was incu­
bated with the labeled glucose, there was also the production 
of carbon dioxide from the glucose, although much less than 
the whole cell experiments. Gluconic acid and glyceric acid 
were identified from the reaction mixture treated with Poli-
dase. Sodium fluoride stimulated the accumulation of gluconic 
acid, while it inhibited the production of COg. The accumula­
tion of gluconate may indicate the participation of the hexose 
monophosphate pathway in the metabolism of glucose by this 
organism. 
In order to elucidate the pathway of glucose utilization 
by this organism, the cells were incucated with glucose-l-C14 
as well as uniformly labeled glucose and the radioactivity of 
COg released was compared. One jimole of the each labeled 
glucose was incubated with freshly harvested cells (50 mg. 
wet cells in 1 ml, water, pH 4) in the presence of NaOH solu­
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tion. The reaction was run for three hours at 3l°C. COg 
trapped in the NaOH solution wss converted to BaCOg'and the 
radioactivity was measured as described previously. The 
organism released 3.5 per cent of the radioactivity of uni­
formly labeled glucose as carbon dioxide, while 5.3 per cent 
of the activity of glucose-l-C^ was recovered as BaCOg. The 
result indicates a preferential decarboxylation of the carbon 
atom 1 of glucose molecule and suggests the presence of the 
hexose monophosphate pathway in the organism. This observa­
tion alone, however, does not imply that glucose is metabo­
lized solely through the hexose monophosphate pathway, since 
glucose-l-C1" released only less than twice as much radio­
activity than uniformly labeled glucose. Glucose was prob­
ably oxidized through the Krebs cycle and COg was released 
from all the carbon atoms of glucose molecule. The participa­
tion of the Embden-Meyerhof pathway cannot be excluded from 
the present result. Paper chromatography of the reaction mix­
ture of the glucose-l-C"^ experiment revealed an accumulation 
of a radioactive compound in the position of ribulose. This 
again might be connected with COg fixation, but no explana­
tion is available at present. 
Transamination 
COg fixation experiments suggested that aspartic acid and 
glutamic acid were formed by the transamination or ammoniation 
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of the corresponding keto acids. In the following experiments 
the presence of those mechanisms was examined. , 
The cell-free extract (prepared in 0.2 M phosphate buffer 
of pH 7.0) was incubated with aspartic acid and oC-keto-
glutaric acid, and glutamic acid formed was detected by paper 
chromatography. A typical reaction mixture contained DL-
aspartic acid 50 jjimoles, oC-ketoglutaric acid 50 jimoles, the 
cell-free extract 0.4 ml., and water to make s total volume 
of 1.0 ml. The incubation was carried out at 37°0. for six 
hours. After the reaction was stopped by boiling for 10 
minutes, 20 jil. of the reaction mixture was spotted on the 
origin of a chromatogram. The chromatogram was developed 
with 80 per cent phenol and amino acids were revealed with 
ninhydrin spray. Transaminase activity was estimated by the 
size of the glutamic acid spot. A small, but definite forma­
tion of glutamic acid was observed. Pyridoxal phosphate 
stimulated the formation, although the amount of glutamic 
acid formed was still too small for a quantitative work. The 
approximately same amount of glutamic acid was formed at pH 8 
as at pH 7. The whole cells of this organism also showed a 
slight activity of transamination, which was stimulated by 
pyridoxal phosphate. Glutamic acid-oxalacetic acid system 
did not reveal any formation of aspartic acid, probably due 
to the decomposition of oxalacetic acid during incubation for 
such a. long period. The very weak activity of tansaminase 
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discouraged a further investigation of the nature of the 
enzyme in this organism. 
When oxalaeetic acid or <£-ketoglutaric acid was incubated 
witn the whole cells in the presence of ammonium sulfate, 
there was no accumulation of amino acids observed. Therefore 
ammoniation, if any, could not be shown by this method. 
Oxidation of Sulfur Compounds 
T. thiooxidans derives all of its necessary energy from 
the oxidation of sulfur. Since the fixation of carbon dioxide 
by the organism requires the participation of adenosine tri­
phosphate to form phosphoglyceric acid, the energy of sulfur 
oxidation must be transformed probably to the form of energy-
rich phosphate bond by the organism. The mechanism of sulfur 
oxidation by biological systems is virtually unsolved. In the 
following experiments some aspects of the oxidation of sulfur 
compounds by T. thiooxidans were studied by the use of whole 
cells as well as cell-free preparations. 
Oxidation of sulfur-glutathlone system 
The cells of T. thiooxidans can oxidize elemental sulfur 
to sulfuric acid. Efforts to prepare a cell-free extract 
which can oxidise sulfur were unsuccessful. When reduced 
glutathione (GSH) was added to the system together with sul­
fur, however, there was an appreciable amount of oxygen uptake 
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when measured manometrically. Since the amount of oxygen 
taken up was proportional to the amount of GSH added, GSH was 
apparently used as a substrate. When GSH was incubated with 
the cell-free extract in the absence of sulfur, there was only 
a small amount of oxygen uptake. When both sulfur and GSH 
were present, there was some oxygen uptake even in the absence 
of the cell-free extract, but there were increasing amounts of 
oxygen uptake with increasing volumes of the extract, as shown 
in Figure 9. When ethylenediamine tetraacetate (EDTA) was 
present, however, increasing amounts of the extract affected 
only the rate of oxygen uptake and the total oxygen uptake 
was dependent on the amount of glutathione added (Figure 10). 
EDTA stimulated the rate of oxidation considerably. The re­
action mixtures of botn experiments, i_. e., the oxidation of 
glutathione plus sulfur in the absence and presence of EDTA, 
were examined for the presence of thiosulfate and polythionate 
according to the method of Sorbo (1957)• Both of the sulfur 
compounds were detected even in the absence of the cell-free 
extract. In the presence of EDTA the amounts were consider­
ably smaller than in its absence. Both in the presence and in 
the absence of EDTA there was no formation of sulfate, as 
determined by the addition of BaClg to the reaction mixtures. 
A reasonable explanation for the mechanism of the oxida­
tion of glutathione-sulfur system by the extract is that 
glutathione reacted with sulfur, forming oxidized glutathione 
Figure 9. Oxidation of sulfur-glutathione system 
Each flaSK contained reduced glutathione 20 jumelés, 
sulfur suspension (3.2 g. in 100 ml. water contain­
ing 50 mg. of Tween SO) 0.5 ml., tris(hydroxy-
methyl) aminomethane (pH 7.4) 100 jumoles, the cell-
free extract varied, 10 per cent KOH 0.2 ml. 
(center well), and water to make a total volume 
of 2.0 ml. o : No extract. • : 0.1 ml. 
extract, a : 0.2 ml. extract. à : 0.3 ml. 
extract. • : 0.5 ml. extract. X : 0.2 ml. 
extract and 2 jumoles of e thy I en ed i amine tetra­
acetate . Gas phase : air. The incubation was 
carried out at 31 C. 
0 
0 
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Figure 10. Oxidation of sulfur-glutathione system in the 
presence of ethylenediamine tetraacetate 
Each flask contained sulfur suspension (3.2 g. 
in 100 ml. water containing 50 mg. of TweenSO) 
0.5 ml., ethylenediamine tetraacetate 2 jumoles, 
tri s(hydroxymethy1)aminome thane (pH 7.4) 100 
jumoles, reduced glutathione (GSH) 2.0 jumoles 
unless specified, the cell-free extract varied, 
10 per cent KOH 0.2 ml. (center well), and 
water to make a final volume of 2.0 ml. O: 
No extract. # : 0.05 ml. extract. à : 0.1 
ml. extract. A : 0.2 ml. extract. S : 0.1 
ml. extract, sulfur omitted. Q : 0.1 ml. 
extract, GSH 10 jumoles. Gas phase: air. 
The incubation was carried out at 31°G. 
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and hydrogen sulfide according to a reaction described pre­
viously, and the hydrogen sulfide was oxidized by the cell-
free extract. Glutathione is apparently capable of reacting 
with other sulfur compounds besides elemental sulfur, since 
thiosulfate and tetrathionate could replace sulfur in the 
glutathione-sulfur system. The amount of oxygen uptake wes 
again dependent on the amount of glutathione added. Thiosul­
fate or tetrathionate alone could not be oxidized by the ex­
tract at the pH used (pH 7.4). 
Oxidation of sulfide 
The oxidation of glutathione-sulfur system by the cell-
free extract suggested the ability of the extract to oxidize 
sulfide sulfur. Parker and Prisk (1953) observed the oxida­
tion of hydrogen sulfide by the whole cells of T. thiooxidans 
in their growth experiments. Their results were confirmed by 
a manometric experiment with sodium sulfide as substrate. 
The rate of oxidation was larger at pH 7 (Tris) than at pH 4 
(sodium acetate-HC1) . Small amounts of thiosulfate, polythio­
nate, and sulfate were detected from the reaction mixture at 
pH 7. 
Very recently the oxidation of sulfide to thiosulfate 
by rat liver has been studied by several workers (Sorbo, 1958; 
Baxter et al., 1958; Baxter and van Reen, 1958) . The presence 
of a similar system in T. thiooxidans was suspected. Various 
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amounts of the cell-free extract of T. thiooxidans were incu­
bated with 10 micromoles of sodium sulfide in Warburg flasks. 
The oxygen uptake could not be followed manometrically because 
of the presence of hydrogen sulfide gas, but the total oxygen 
uptake when the oxidation of hydrogen sulfide reached comple­
tion could be determined. The uptake of oxygen stopped when 
approximately five micromoles of oxygen were taken up in all 
cases. Increasing volumes of the extra ct affected only the 
rate of oxidation, and the total oxygen uptakes were always 
the same ; (Table 9). The formation of elemental sulfur was 
Table 9. Oxidation of sulfide by the cell-free extract® 
Flask 
Cell-free 
extract 
ml. 
EDTA 
jumoles 
Time for 
complete 
oxidation 
min. 
Total 
oxygen 
uptake 
jumoles 
Thiosulfate 
f ormed 
ymoles 
1. 0.0 0 Incomplete 
after 150 mi: n. 
0.4 
2. 0.1 0 125 5.3 .2.5 
3. 0.2 0 100 4.8 2.0 
4 . 0.3 0 80 5.0 1.8 
5. 0.5 0 50 5.4 1.8 
6. 0.1 2 40 7.6 2.5 
^Each flask contained tris(hydroxymethyl)aminomethane 
(pH 7.4) 200 jumoles, sodium sulfide 10 pinoles, ethylenedi­
amine tetraacetate (EDTA) and the cell-free extract as indi­
cated, and water to make a total volume of 2.0 ml. The re­
action was stopped by the addition of 0.5 ml. of cadmium 
acetate solution (1 M). The reaction mixture was centrifuged 
and 0.25 ml. of the supernatant was used for the determination 
of thiosulfate according to Sorbo (1957). 
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evident from the increasing turbidity of the reaction mixtures 
during the sulfide oxidation. In the presence of EDTA, sodium 
sulfide was oxidized rapidly with a total oxygen uptake of 
7.6 micromoles, and 2-5 micromoles of thiosulfate were 
formed (Table S). Again the formation of sulfur was observed. 
The results in the presence of EDTA can be explained if 
five micromoles of sulfide were oxidized to sulfur and five 
micro mo le s to thio sulfate according to the following equa­
tions : 
NagS + 1/2 Og + HgO = S + 2 NaOH 
NagS + Og + 1/2 HgO + 1/2 NagSgO^ + NaOH 
There will be an oxygen uptake of 7,5 micromoles, which is in 
accordance with the result obtained. In the absence of EDTA, 
the amount of oxygen taken up was smaller than that could be 
explained by the equations. Whether this discrepancy is due 
to the presence of some oxygen donors in the cell-free ex­
tract or the presence of another mechanism of sulfide oxida­
tion is not known. 
There was no polythionate formation in the sulfide oxida­
tion by the extract, a fact which distinguishes this oxida­
tion from that of glutathione-sulfur system, where there was 
a considerable formation of polythionate. 
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Glutathione reductase 
The oxidation of the glutathione-sulfur system by the 
cell-free extract suggested a possible role of glutathione in 
the first step of sulfur oxidation, i.e., sulfur particles 
might be first reduced to sulfide by glutathione before the 
oxidation. In this hypothesis, a mechanism for the reduction 
of oxidized glutathione will be required. Glutathione re­
ductase might supply such a mechanism. The presence of the 
enzyme was determined in the cell-free extract of T. thio-
oxidans. The results are shown in Figure 11. Reduced tri-
phosphopyridine nucleotide (TPNH) was oxidized by the extract 
only in the presence of oxidized glutathione. The extract 
was required for the oxidation of TPNH and the activity was 
easily destroyed by heating at 100°C. for two minutes. Re­
duced diphosphopyridine nucleotide did not replace TPNH. 
Adenylate Kinase 
In the experiments designed to determine the ability of 
the cell-free extract to phosph.oryla.te adenosine diphosphate 
(ADP) during the oxidation of glutathione-sulfur system, there 
was a formation of adenosine triphosphate (ATP) both in the 
presence and absence of sulfur. A logical conclusion was that 
adenylate kinase was present in the extract. The adenylate 
kinase activity was measured spectrophotometrically by the 
Figure 11. Glutathione reductase 
The complete system contained oxidized glutathione 
4 mg., reduced triphosphopyridine nucleotide 
(TPNH) 0.2 jimole, the cell-free extract 0.1 ml., 
tri s(hydroxyme thy1)aminome thane (pH 7.4) 100 
ymoles, and water to make a total volume of 3.0 
ml. The oxidation of TPNH was followed spectro-
photometrically at 340 mu. o: Complete system. 
A : The cell-free extract omitted. A : Oxidized 
glutathione omitted. 
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reduction of triphosphopyridine nucleotide (TPN) in the 
presence of ADP, glucose, hexokinase, and glucose-6-phosphate 
dehydrogenase. The results are shown in Figure 12. G-lucose-
6-phosphate dehydrogenase-was contaminated with adenylate 
kinase as shown by the slow, but definite rate of reduction 
of TPN in the absence of the cell-free extract. The rate of 
Tpn reduction by the boiled cell-free extract was the same as 
tnat in the absence, indicating the heat-lability of the 
adenylate kinase of T. thiooxidans. When ADP was incubated 
with the extract or the boiled extract in the presence of 
glucose and hexokinase, there was a formation of glucose-6-
phosphate only in the presence of the extract. The glucose-
6-phosphate formation was shown by the reduction of TPN when 
the boiled reaction mixture was incubated with glucose-6-
phosphate dehydrogenase and TPN. This result confirmed the 
heat-lability'^f the adenylate kinase of T. thiooxidans and 
of the contamination of glucose-6-phosphate dehydrogenase 
with adenylate kinase. 
Figure 12. Adenylate kinase 
The complete system contained adenosine diphos­
phate 10 jamoles, tripho sphopyridine nucleotide 
(TPN) 1 jimole, glucose 10 jumoles, hexokinase 
0.25 mg., glucose-6-phosphate dehydrogenase 0.2 
mg., MgClg 20 pmoles, the cell-free extract 
0.05 ml.,"glycylglycine (pH 7.4) 160 pmoles, 
and water to make a total volume of 3 ml. The 
reduction of TPN was followed spectrophoto-
rnetrically at 340 mp. Q : Complete system. 
• : The extract boiled for 3 min. at pH 7.4. 
A : The extract omitted. 
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DISCUSSION 
The fixation of carbon dioxide by the whole cells of 
chemos-utotrophic bacteria lesds to the formation of two groups 
of compounds. The one is a group consisting of compounds, 
such as sugars, sugar phosphates, and phosphoglyceric acid. 
The other consists of aspartlc acid, glutamic acid, malic 
acid, and other- amino acids. Aubert et si. (1956) found 
phosphoglyceric acid, hexose phosphates, sedoheptulose phos­
phates, ribulose diphosphate, and aspartlc acid as early 
products in their C^Og experiment with Thiobacillus deni-
trificans. Suzuki and Werkman (1958a) reported carboxyl-
labeled phospho glyceric acid and ^ 3-carboxyl labeled aspartlc 
acid as the first products in the C140g fixation by Thio­
bacillus thiooxidans• Bergman et al. (1958) also showed 
phosphoglyeerie acid, sugar phosphates, malic acid, and 
aspartlc acid as early fixation products in Hydrogenomonas 
facilis. The formation of phosphoglyceric acid, sugar phos­
phates, and sugars can be explained by the carboxylation of 
ribulose diphosphate to form phosphoglyceric acid, and the 
conversion of pnosphoglyceric acid to sugar phosphates. The 
formation of aspartlc acid, glutamic acid, malic acid, and 
other amino acids during the fixation of COg can be explained 
by the carboxylation of pyruvic acid to form C-4 dicarboxylic 
acid and the conversion of the dicarboxylic acid to other 
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organic acids and amino acids. Thus there, are at least two 
systems in the fixation of carbon dioxide by chemoautotrophic 
b acteria. 
The results obtained in the C^Og experiments with whole 
cells of T. thiooxidans are in agreement with the following 
scheme. In the presence of C^^Og ribulose diphosphate will 
be carboxylated to form c arbo xy1-1abe1ed phosphoglyceric acid 
by a carboxylation enzyme (Suzuki and Werkman, ca. 1958). 
The labeled phosphoglyceric acid will be converted to radio­
active glucose phosphates and other sugars and also carboxyl-
labeled serine. On the other hand, phosphoenolpyruvic acid 
will be carboxylated to form ^ -carboxyl labeled oxelacetic 
acid by phosphoenolpyruvic carboxylase (Suzuki and Werkman, 
195?, 1958b). The oC-carboxyl group of oxalacetic acid may 
be labeled later owing to the labeling of the carboxyl group 
of phosphoenolpyruvic acid when the latter is formed from the 
carboxyl-labeled phosphoglyceric acid. When oxalacetic acid 
is oxidized to of-ketoglutaric acid via the Krebs cycle, the 
radioactivity at the /3-carboxyl group of the former acid will 
be found in the ^-carboxyl group of the latter acid. Both 
keto-acids will be converted to the corresponding amino acids, 
i.e., y3-carboxyl labeled aspartlc acid and c£-carboxyl labeled 
glutamic acid, by transamination or amrnoniation. The occur­
rence of other carboxylation systems in the metabolism of 
T. thiooxidans is not excluded. Apparently, however, these 
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two systems, i.e., the formation of carboxyl-lobeled phos­
phoglyceric acid and ^ 3-carboxyl labeled oxalacetic acid, 
predominate in the carbon dioxide fixation by this organism. 
The rapid labeling of the oC-carboxyl group of glutamic 
acid is interpreted also as Indirect evidence of the presence 
of the Krebs cycle in this organism. More work is necessary, 
however, before drawing a definite conclusion. Although 
Vogler et al. (1942) claimed the stimulation of respiration 
of the organism by the addition of some members of the organic 
acids of the cycle, there is no evidence of those being 
metabolized by the organism. 
The incorporation of radioactivity in some peptides in 
three minute COg fixation products is interesting from two 
points. First this may be related to the mechanism of protein 
synthesis in this organism, i.e., amino acids may go through 
the stage of peptides'before being incorporated into protein. 
Further work should be done, however, before making any con­
clusion, Secondly, since at least one of the peptides acted 
exactly like proline in paper chromatography in several sol­
vents and could not be separated from it when mixed with it, 
this represents another case where the identification by paper 
chromatography of free amino acids in a natural substance re­
quires the hydrolysis of the sample as claimed by Deane and 
Truter (1955). 
The cell-free extract of T. thiooxidans was shown to 
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have at least two enzymes which carboxylate phosphoenolpyruvic 
acid to oxalacetic acid, i.e., pho s pho enolpyruvic carboxylase 
(PEP carboxylase) which is irreversible, and oxalacetic car­
boxylase which is reversible and requires the participation 
of nucleotides. PEP carboxylase requires a very low COg 
tension, as shown by its small Michaells constant. Thus its 
value, 1.2 x 10" M in bicarbonate ion concentration, com­
pares with the values of 1.1 x 10~S M for the carboxylation 
enzyme of ribulose diphosphate reported by Weissbach et al. 
— P (1956) and of 3.6 x 10"~ M for malic enzyme calculated from 
Genoa's data (Ochoa, 1952). It was suggested by Suzuki and 
Werkman (1958b) that this enzyme would be favored for COg 
fixation relative to other COg-fixing enzymes at an acid pH 
of growing Ï. thiooxidans, where the supply of carbon dioxide 
from air to the cells will be very small. It should be under­
stood, however, that the increase by multiplication of the 
ratio of the activities of two enzymes at different COg con­
centration does not exceed the reciprocal of the ratio of 
Michaelis constants of the two enzymes. Therefore PEP car­
boxylase will be favored over the carboxylation enzyme of 
ribulose diphosphate at low COg concentration by approxi­
mately ten times at most. 
PEP carboxylase and nucleotide-dependent oxalacetic 
carboxylase have not been reported in other bacteria, but it 
will be interesting to investigate the possibility that either 
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one or both of those enzymes are responsible for the Wood-
Werkman reaction In bacteria in general. PEP carboxylase is 
particularly important in an environment where the concen­
tration of COg is very low. 
The use of ion-exchange resins in the preparation of 
cell-free extracts from bacteria by sonic oscillation may be 
useful for obtaining enzymes from other bacteria also which 
are resistant to the destruction of cells under ordinary con-
ait ions. 
From the evidence presented in the present study, the 
cell-free extract of T. thiooxidans contains enzymes necessary 
for the cyclic regeneration of pentose phosphates, the phos­
phorylation of ribulose phosphate, the carboxylation of 
ribulose diphosphate leading to the formation of phospho­
glyceric acid (PG-A), and finally the reduction of PGA and the 
condensation of triose phosphates to form hexose phosphate. 
This is a scheme accepted for photosynthesis and a proposed 
scheme for COg fixation by T. denitrlficans (Trudinger, 1956). 
The presence of enzymes of this scheme in the cell-free ex­
tract of T, thiooxidans does not necessarily mean its occur­
rence in the whole cells. But the data on C^Qp fixation by 
whole cells have shown that phosphoglyceric acid is most 
rapidly labeled, and glucose phosphates, glucose, fructose, 
ribose, ribulose, and dihydroxyacetone are also among the 
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rapidly labeled compounds. Thus the results with whole cells 
are in accordance with the scheme suggested from the study 
with the cell-free extract. It is reasonable, therefore, to 
conclude that the synthesis of carbohydrate from COg in the 
cells of T. thiooxidans occurs in a process similar to that 
of photosynthesis. 
Sedoheptulose diphosphate can be formed from erythrose 
phosphate and dihydroxyacetone phosphate by the action of 
aldolase (Horecker et al., 1955). Ribo s e-5-pho spha t e, in the 
presence of phosphorlboisomera.se, epimerase, transketolese, 
transaldolase, and triosephosphate isomerase will yield both 
erythrose phosphate and dihydroxyacetone phosphate among other 
compounds. The function of adenosine triphosphate (ATP) for 
the formation of sedoheptulose diphosphate by the extract of 
T. thiooxidans is not clear, but it may help to supply di-
hydroxyacetone phosphate by phosphorylating fructose phos­
phate to form fructose diphosphate, which will be split by 
aldolase to two trio se phosphates. Direct phosphorylation of 
sedoheptulose phosphate by a kinase is not known, but it would 
also be a possible mechanism for the ATP-dependent formation 
of sedoheptulose diphosphate. Further work is necessary be­
fore coming to a definite conclusion. 
The determination of pH optima for phosphoriboisornerase 
and aldolase did not show any tendency for these enzymes to 
be more active at lower p-H than those from other organisms. 
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The optimal pH range for the growth of T. thiooxidans is pH 
8—3, but this is probably true because of reasons other than 
characteristics of enzymes in the cells. The pH inside the 
cells is probably kept in the physiological range notwith­
standing the unnhv s iolo gle ally low pH of the environment. 
The study on the pH optima for enzymes required for the oxida­
tion of sulfur may solve this problem more definitely. 
The production of COg and other organic compounds from 
glucose by T. thiooxidans in the radioactive glucose experi­
ment clearly indicates the ability of this organism to 
metabolize the sugar. No matter whether glucose is metabo­
lized through the Embden-Meyerhof pathway or the hexose mono­
phosphate pathway, it is reasonable to assume that the organ­
ism is capable of obtaining energy from the metabolism. Al­
though Starkey (1925b) found the disappearance of glucose 
from the medium containing sulfur, the organism did not grow 
in a medium containing glucose in the absence of sulfur. In­
ability of T. thiooxidans to grow using organic compounds as 
the sole source of energy is a characteristic of obligate 
chemoautotrophism. Since the organism can metabolize glucose, 
the failure to grow in glucose cannot be explained by the 
absence of enzymic systems or the presence of a membrane im­
permeable to glucose. 
The formation of polysaccharide from glucose by the 
organism requires the oxidation of sulfur. The oxidation of 
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sulfur probably supplies energy necessary for the polysac­
charide synthesis. The energy is possibly supplied in the 
form of ATP. The oxidation of sulfur was required also for 
the re-assimilation of COg produced from glucose, probably to 
supply energy for the phosphorylation of ribulose-5-phosphate. 
Transamination is a universal mechanism for the inter-
conversion of amino acids in biological systems and T. thio­
oxidans , a chemoautotroph, was no exception. Transamination 
activity of this organism, however, was very weak and a de­
tailed study of the nature was not possible. It should be 
pointed out that in an experiment not described in this 
thesis, some amino acids, such as alanine, glutamic acid, 
aspartic acid, and valine, did replace ammonium sulfate as 
nitrogen source in the growth of T. thiooxidans, although the 
growth rate was slower than that in the presence of the ammo­
nium ion. Whether those amino acids are deaminated by extra­
cellular enzymes and utilized as ammonium ion or they enter 
the cells and are used as amino-donors in transamination re­
mains to be solved. 
The role of glutathione in the oxidation of sulfur by 
T.-thiooxidans may prove to be important. Sulfur is almost 
insoluble in water and the ability of glutathione to form HgS 
from sulfur and the ability of the organism to oxidize HpS 
rapidly make the hypothesis of sulfur-glutathione contact as 
the first step of sulfur oxidation attractive. Elemental 
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sulfur might enter the cell by making S-3 bond with a sulf-
hydryl group of protein or glutathione located near the sur­
face of the cell. It is also possible that sulfur is reduced 
to hydrogen sulfide by glutathione outside of the cell and 
enter the cell in the form of soluble sulfide ion. 
Oxidation of sulfide by the cell-free extract of T. 
thiooxidans was similar to the oxidation by rat liver (Sorbo, 
1958; Baxter e_t al-, 1958; Baxter and van He en, 1958) . Ele­
mental sulfur and thiosulfate were the oxidation products. 
The effect of ethylenediamine tetraacetate (EDTA) in the oxida­
tion of sulfide was studied by Baxter and van Reen (1958) and 
they found that EDTA stimulated the heat-s table component of 
rat liver preparation. They claimed a metal-EDTA complex, 
which is dialyzable, as the cause of the enhanced activity. 
The sulfide oxidizing activity of the extract of T. thio­
oxidans, examined with both sulfide and sulfur-glutathione 
systems, was stimulated with EDTA. A considerable portion of 
the activity remained after 5 minutes heating at 100°C. Di­
alysis against 5 x 10-4 M EDTA, however, did not diminish the 
activity of the extract. A factor or factors similar to 
hemoglobin as proposed by Sorbo (1958) may be responsible for 
the oxidation of sulfide by T. thiooxidans. Sorbo proposed 
that a partial inactivation of the activity in rat liver by 
heating may be due to an inclusion of hemoglobin in the 
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precipitate of denatured protein, 
The formation of polythionate in sulfur-glutathione 
system by the extract distinguishes this system from a simple 
sulfide oxidation. This may be connected with the ability of 
glutathione to react with thiosulfate or tetrathionate, but 
is not explainable at present. The increasing amount of total 
oxygen uptake in this system with increasing volume of the 
extract in the absence of EDTA, and the total oxygen uptake 
independent of the volume of the extract in the presence of 
EDTA, are another phenomena which make this system different 
from a simple sulfide oxidation. In either case the oxidation 
stopped short of sulfate formation indicating that some fac­
tors are missing in the extract for the complete oxidation of 
sulfur compounds to sulfate. 
Glutathione reductase of T. thiooxidans was reduced tri­
pho sphopyridine nucleotide (TPNH)-dependent and reduced di-
phosphopyridine nucleotide (DPNH) did not replace TPNH in 
agreement with the enzyme found in most other sources. 
Backer (1955a), however, reported a DPNH-dependent gluta­
thione reductase in yeast. Glutathione reductase may supply 
a mechanism for the reduction of oxidized glutathione in 
sulfur-glutathione system. If TPNH is formed during the oxida­
tion of sulfur, glutathione reductase will continuously reduce 
glutathione and reduced glutathione will in turn be used to 
reduce sulfur to sulfide to initiate the oxidation. 
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Adenylate kinase of T. thiooxidans was hest-labile, thus 
differing from myokinase of muscles. Inosine diphosphate did 
not replace adenosine diphosphate (ADP) and no inosine tri­
phosphate was formed from inosine diphosphate. Adenylate 
kinase activity was also reported in T. aenitrifleans (Oliver 
and Peel, 1956)• The presence of this enzyme prevented the 
study of ATP formation from ADP during the oxidation of 
sulfur-glutathione system. When adenosine monophosphate was 
incubated with the cell-free extract of T. thiooxidans during 
the sulfur-glutathione oxidation, there was no formation of 
ATP. Thus the problem of the formation of the energy-rich 
phosphate bond during the sulfur oxidation remains unsolved. 
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SUMMARY AND CONCLUSIONS 
1. The cells of Thiobaclllus thiooxidans oxidizing 
sulfur were exposed to C^Og for various periods and the 
radioactive compounds formed were determined by paper chroma­
tography . In two-second fixation 80 per cent of the activity 
fixed was found in phosphoglyceric acid and 8 per cent in 
aspartic acid. When the length of duration of exposure was 
increased, the radioactivity appeared in glucose phosphates, 
sugars, organic acids, amino acids, and peptides. 
2. Some of the labeled compounds were degraded and the 
location of radioactivity in the molecule was determined. The 
carboxyl groups of phosphoglyceric acid and serine, p-carboxyl 
group of aspartic acid, and of-carboxyl group of glutamic acid 
were found preferentially labeled in the molecules. 
3. It is concluded that two carboxylation systems, i_.e., 
the carboxylation of ribulose diphosphate to form phospho­
glyceric acid and the carboxylation of phosphoenolpyruvic 
acid to form oxalacetic acid, are working in the carbon 
dioxide fixation by T. thiooxidans. 
4. Evidence is given for the presence of an irreversible 
phosphoenolpyruvic carboxylase and a reversible oxalacetic 
carboxylase in a cell-free extract of T. thiooxidans• 
5. Carbon dioxide dependency of phosphoenolpyruvic 
carboxylase was investigated, and the Michaelis constant for 
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HGOg was determined as 1.2 x 10" M. A possible role of the 
enzyme in the metabolism of T. thiooxidans is discussed. 
6. A modified method of enzyme preparation is described 
in which bacterial cells are shaken with a mixture of cationic 
and anionic ion-exchange resins before sonic treatment. 
7. The cell-free extract of T. thiooxidans is capable 
of forming carboxyl-labeled phosphoglyceric acid as s sole 
radioactive product from ribose-5-phosphate, adenosine tri­
phosphate, and in the presence of magnesium ion. 
8. Evidence is given for the presence in the extract of 
phosphoriboisomera.se, phosphoribulokinase, carboxylation 
enzyme. 3-phosphoglycerokinase, glyceraldehyde—3-phosphate 
dehydrogenase, triosephosphste isomera.se, and aldolase. The 
presence of transketolase, transaldola.se, and phosphoketo-
pentoepimerase is also indicated. 
9. The pH optima of phosphoriboisomerase and aldolase 
were determined to be near 7 and 9, respectively. 
10. It is concluded that T. thiooxidans can synthesize 
carbohydrate from carbon dioxide by a cyclic mechanism similar 
to that of photosynthesis. 
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11. Glucose labeled with 0 ~ was metabolized by the cells 
of T. thiooxidans as well as the cell-free extract; and COp 
was produced. The cells, in the presence of sulfur, formed 
radioactive compounds including amino acids and sugars, 
probably by the reassimilation of COg. There was also the 
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formation of polysaccharide in the presence of sulfur. A 
preferential decarboxylation of the carbon atom 1 of glucose 
molecule was observed using glucose-1-C"*"^ and uniformly 
labeled glucose. The presence of the hexose monophosphate 
pathway is suggested. 
12. Transamination between aspsrtic scid and of-keto-
glutaric acid was observed in the cell-free extract and whole 
cells of T. thiooxidans. The activity was stimulated by 
pyridoxal phosphate. 
13. Elemental sulfur was oxidized by the cell-free 
extract only in the presence of reduced glutathione. The oxi­
dation of sulfur-glutathione system was studied manometrie-
ally. Thiosulfate and polythionate were detected in the re­
action mixtures. 
14. Sulfide was oxidized rapidly both by the whole cells 
and the cell-free extract of T. thiooxidans. Thiosulfate, 
polythionate, and sulfate were formed by the whole cells. 
Elemental sulfur and thiosulfate were the reaction products 
in sulfide oxidation by the extract. Ethylenediamine tetra­
acetate enhanced the eulfide-oxidizing activity of the ex­
tract. 
15. The cell-free extract of T. thiooxidans contained 
reduced triphosphopyridine nucleotide (TPNH)-dependent 
glutathione reductase. 
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16. A heat-labile adenylate kinase was present in the 
cell-free extract. 
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